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The incorporation of filler particles into polymer matrices is a common industrial practice 
for the production of many commercial polymer products. Fillers are often thought of as a means 
to reduce cost. However, fillers can also be exploited in order to synergistically improve 
mechanical, thermal and transport properties. High filler-matrix compatibility is often important 
to achieve such improvements. Many studies have illustrated the successful use of non-biological 
materials ranging from inorganic particles to carbon nanotubes as reinforcing fillers in 
fabricating composite materials. With the increase in concerns over environmental issues and the 
desire to create more versatile polymer-based materials, interest in polymers filled with natural 
organic fillers continues to grow. This work explores the hypothesis that pollen, a natural 
particle, has the potential to be an effective biorenewable reinforcing filler due to its unique 
surface architectures, high strength, chemical stability, and low density. These properties may 
enhance stress transfer between polymer and pollen filler, increase the energy absorption of 
pollen filler while under stress, enhance chemical resistance, and effectively maintain or lower 
material density. Pollens from sources such as ragweed plants are ubiquitous natural materials 
that are based on sustainable, non-food resources. Pollen is a remarkable example of 
evolutionary-optimized microscale particle with structures and/or chemistries tailored for 
effective adhesion to a variety of surfaces and protection of genetic material under different 
dynamic and environmental conditions. The pollen shell is perhaps the most chemically resistant 
naturally occurring material. As many pollens achieve pollination simply by being carried by 
wind, they are very light-weight. These properties make pollen an attractive option as a natural 
filler for polymers. 
xviii 
 
This research aims to characterize pollen interfacial properties and utilize pollen as an 
effective reinforcing filler in polymer materials. In this work, interfacial properties are 
characterized using Fourier transform infrared spectroscopy (FTIR), the BET method, and 
inverse liquid chromatography (ILC). These techniques were useful in determining the effect of 
surface treatments and further chemical modifications on pollen interfacial properties. 
Characterizing these properties allowed for improved understanding and utilization of pollen as a 
filler by revealing the enhanced surface interactions and surface properties of acid-base treated 
pollens when compared to as received untreated pollens. Epoxy and polyvinyl acetate (PVAc) 
matrices were used to demonstrate the effectiveness of pollen as a filler, as a function of pollen 
loading and surface treatments/chemical modifications. Scanning electron microscopy (SEM) 
was used to determine interfacial morphology, a high throughput mechanical characterization 
device (HTMECH) was used to determine mechanical properties, and differential scanning 
calorimetry (DSC) was used to determine glass transition behavior. In epoxy, pollen was an 
effective load bearing filler only after modifying its surface with acid-base hydrolysis. In PVAc, 
pollen was an effective load bearing filler only after an additional functionalization with a silane 
coupling agent. Finally, the species of pollen incorporated in PVAc matrices was varied in order 
determine the effect of the size of surface nano- and micro- structures on wetting, adhesion, and 
composite properties. Composites containing pollen displayed enhanced wetting and interfacial 
adhesion when compared to composites with smooth silica particles. Additionally, it was 
observed that pollen with smaller surface structures were wetted more effectively by the polymer 
matrix than pollen with larger structures. However, mechanical properties did not suggest 
significant changes in interfacial adherence with varied pollen microstructure size. The results of 
xix 
 
this work highlight the feasibility and potential of utilizing pollen as a natural filler for creating 




1 CHAPTER 1 
INTRODUCTION 
1  
1.1 Fillers and Polymer Composites 
The use of fillers in various materials has a long history, likely arising from the desire to 
lower costs of materials. Fillers continue to play a very important role today, and their use has 
expanded much further than simply cost reduction. In 2006 nearly 52 million tons of fillers were 
consumed worldwide and it is estimated that in 2016, 74 million tons will be consumed at a 
value of nearly 60 billion US dollars [1]. Fillers can be defined as “solid material capable of 
changing the physical and chemical properties of a material by surface interaction or its lack 
thereof and by its own physical properties” [2]. Fillers are able to alter mechanical, optical, 
thermal, and transport properties, to name a few. Some of the most widely filled polymers 
include polyvinyl chloride, polypropylene, polyamides, and polyesters [2]. Widely used fillers 
today include carbon black, calcium carbonate (CaCO3), talc, and kaolin clay amongst many 
others. The applications for fillers are vast including plastics, construction, paper, etc. These 
facts distinguish a field where research advances can have high impact. Current interests in the 
field include nanofillers, filler mixtures, filler surface modification, and low cost reinforcing 
fillers, to name a few [2, 3]. 
Although cost reduction is often mentioned as the motivation for using fillers, it can be 
challenging to achieve for two reasons. First, there are additional costs for compounding the 
filler into the polymer. Secondly, fillers are often sold by weight, but the quantities required in 
practice are determined by their volume, since they replace a portion of the polymer volume. 
Inorganic fillers typically have densities 2-3 times that of polymers, diminishing cost savings. 
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Thus, the focus and motivation for using fillers usually includes additional goals of achieving 
improvements in composite functional properties, such as mechanical, thermal, and optical 
properties to name a few [4-6]. 
For the most part, fillers are inorganic substances. Synthetic fillers require additional 
chemical precursors to produce and synthesis can be quite expensive (carbon nanotubes). Some 
of the widely used fillers mentioned above are non-renewable minerals that are consumed at a 
faster rate than they are replaced by natural processes. Mineral fillers are generally formed by 
geological processes over millions of years. For example, some chalk formations with calcium 
carbonate were deposited between 70 and 130 million years ago [7]. Additionally, widely-used 
mineral fillers require various forms of mining and further processing such as crushing, grinding 
and milling. Even with further processing, most filler particles (natural as well as synthetic) are 
irregular in shape and particle size distributions. Figure 1.1 shows common filler geometries. 
This has not limited their use, but makes it challenging to describe particle shape in predictive 
models for composite properties based on uniform model shapes. Additionally, distinguishing 
between primary particles, agglomerates, aggregates, and even fragments is difficult. In 
applications that call for uniform stress distribution, monodisperse uniformly shaped particles are 
ideal [8].  
 
Figure 1.1: Typical filler geometries [9]. 
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Many filler attributes affect the final properties of composites. These attributes must be 
well understood in order to make effective particulate composites. Some attributes include cost, 
particle size and shape, filler-polymer interactions, and surface chemistry. For example, in order 
to improve mechanical properties of a polymer, surface chemistry and filler-polymer 
interactions, are particularly important because they affect interfacial adhesion [10]. In order to 
provide improve tensile strength, adhesion between the phases is critical for effective stress 
transfer. Stiffness(e.g., Young’s modulus) is readily improved with filler addition because fillers 
are typically stiffer than polymer matrices and modulus is a property of low deformations [11]. 
On the other hand, softer elastomers decrease the stiffness of the final material, but usually 
increase strain at break and toughness [12-15]. Hard particles typically increase strength more 
effectively than soft particles, when there is sufficient adhesion. Adhesion is achieved by 
intimate contact, wetting of polymer with the filler surface, and engineering compatible surface 
energy. The effects of interfacial interactions can be understood by considering the work of 
adhesion, the theoretical work required to separate two different surfaces, and the work of 
cohesion, the theoretical work required to separate identical surfaces (Figure 1.2). The work of 
adhesion and cohesion are given by Equations 1.1 and 1.2 respectively. 
 
Figure 1.2: Schematic of theoretical reversible works of cohesion (a) and adhesion (b) [16]. 
 WA=W12= γ1+γ2-γ12 (1.1) 
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 WC=W11= 2γ1 (1.2) 
In a composite, subscripts 1 and 2 would correspond with the polymer and the filler, 
respectively. Equation 1.1 suggests that it is important to maximize the surface free energies 
( 	 ) and minimize the interfacial energy (  for optimal adhesion. Complicating this 
optimization is the fact that changes in chemistry that would alter and , will invariably 
alter	 . Previous experimental work has shown that equalizing the two neat surface free 
energies corresponds to minimizing the interfacial energy [17-19]. In addition to optimizing 
adhesion energy per unit area between the polymer and filler in the finished composite, the 
wetting of polymer solution or melt on the filler during processing is also critical to producing 
high interfacial area. The spreading coefficient (the negative of free energy of wetting) can also 
be considered (Equation 13).   
 S=-∆Gwet= γ2-γ1-γ12=W12-W11 (1.3) 
Equation 1.3 suggests that it is important to maximize the surface free energy of the solid 
while minimizing the surface free energy of the liquid and the interfacial free energy. Taking 
Equations 1.2 and 1.3 together, one can conclude that increasing only the solid component 
surface energy decreases liquid contact angles allowing for more intimate wetting, while 
maximizing both liquid and solid component energies allows for enhanced adhesion. Thus there 
is a competition between maximum adhesion and maximum spreading. If the surface chemistry 
and energy of filler and polymer are understood, then the thermodynamic criteria above can be 
used as a guideline to optimize filler performance through selection and modification of polymer 
and filler. 
Works of adhesion and spreading are attributable to intermolecular and intramolecular 
forces. Van der waals forces are present in any system. Hydrogen bonding is possible in some 
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systems and covalent bonding can even be achieved by utilizing surface modifiers that crosslink 
filler into the polymer matrix. This leads to another aspect of adhesion, chemical structure of 
filler and polymer. The functional moieties on both components determine the possible 
interactions and the strength of interactions. For example, if one component has hydrogen bond 
donor moieties and the other component has hydrogen bond acceptor moieties, then hydrogen 
bonding will be possible in this system, affecting adhesion. Increasing strength of attractive 
interactions between matrix and filler results in enhanced adhesion and wetting through 
minimization of 12. 
The degree of adhesion and affects the ability of a filler to enhance mechanical and 
thermal properties of polymers. Adhesion strength at the polymer-filler interface determines load 
transfer between the phases, affecting both composite tensile strength (maximum stress before 
necking) and toughness (ability to absorb energy and plastically deform without fracture). In the 
case of poor adhesion, stress transfer at the interface is ineffective. Thus the filler cannot carry 
any load and discontinuities cause strength decreases. High adhesion leads to effective stress 
transfer at the interface and thus material reinforcement. Improvements in toughness have been 
attributed to increased crack growth resistance before material deformation and stress 
redistribution [3]. With poor adhesion crack pinning is ineffective and the load bearing area of 
the material is reduced. This decreases the energy required to fracture. Particle size and particle 
loading are also important variables when considering such mechanical properties. Smaller 
particles have increased surface area, interacting with a greater volume of polymer matrix and 
thus increasing reinforcement [3, 20, 21]. Depending on the filler-polymer system, there exists a 
critical filler loading at which any gained improvements begin to degrade due to increased stress 
concentration attributed to agglomerates formed by filler at higher loading.  
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Often the surfaces of fillers are modified to enhance filler-polymer interactions [22-25]. 
Surface modifications are most frequently used to improve reinforcement and interface adhesion. 
However, they also can improve filler processing, melt viscosities, filler dispersion, allow for 
higher filler loadings, and improve composite properties. Surface reactive chemicals can have 
single functionality or dual functionality. Single functionality reagents react only with the filler 
surface and improve dispersion and wetting by the polymer matrix. For example, stearic acid is 
an example of such a reagent in which the acid groups can react with surface groups like 
carbonates on CaCO3 resulting in an outer surface of hydrocarbons. Dual functionality reagents 
are able to interact with the filler surface as well as crosslink with the polymer matrix creating a 
continuous chemical bond. Organosilanes have dual functionality and are the most popular 
materials for filler modification. Silane compounds improve composite mechanical properties 
through strong chemical bonds with the filler and the matrix. These compounds have the formula 
RnSiX4-n where R is the group for polymer binding (i.e. methacrylate group), X is a group that 
combines with the filler (i.e. methoxy groups), and Si is the silicon atom. The X group combines 
with the filler surface through hydrolysis or a condensation reaction while the R group reacts into 
the matrix during free radical polymerization [10]. The specific filler surface chemistry 
determines the appropriate surface modification. Figure 1.3 shows the simplified mechanism for 


















Figure 1.3: (a) Organosilane is hydrolyzed. (b) Hydrolyzedsilane undergoes condensation 
reaction. (c) Hydrogen bonding occurs. (d) Chemical bonds are formed and water is 
released [26]. 
1.2 Organic Fillers 
Many studies have illustrated the successful use of non-biological materials ranging from 
inorganic particles to carbon nanotubes as reinforcing fillers in fabricating composite materials. 
Pairing non-biodegradable oil-based polymers with these non-renewable resources often makes 
reuse and recycling quite difficult. With the increase in concerns over environmental issues and 
the desire to create more versatile polymer-based materials, there is increasing interest in 
polymers filled with natural organic fillers. These new alternatives, or “green composites”, are 
able to replace traditional polymer composites and lower environmental impact. The first 
attempts in this area involved incorporation of natural-organic fillers in recyclable polymers, 
such as polyolefins, reducing the use of non-biodegradable polymer and non-renewable mineral 
resources. Additionally, these natural fillers are derived from relatively abundant plant sources, 
making them cheap. They are also less abrasive to processing machinery than mineral resources, 
less dangerous to production employees via inhalation, are easily incinerated, often lead to 
composites with low specific weight versus mineral fillers, and allow for unique material 
properties. 
Wood flour and fiber are some of the most widely used natural organic-fillers. Other 
examples include cellulose, cotton, flax, kenaf, and starch to name a few. Polymers often used to 







form green composites include polyethylene, polypropylene, and polystyrene to name a few. 
Materials filled with natural fillers often suffer from poor adhesion between the fillers 
(hydrophilic) and the polymer matrix (generally hydrophobic), low impact strength, and low 
thermal decomposition over 200 °C. Thus, research is often focused on utilizing chemical 
modifications and adhesion promoters to improve the interfacial adhesion and dispersion of 
natural organic fillers in polymer matrices. Further, processing of green composites (extrusion, 
injection molding, compression molding, etc.) is challenging due to the hydrophilic and often 
hygroscopic nature of natural fillers, as well as their poor thermal resistance, resulting in 
processing temperatures that are kept below approximately 200 °C. The hydrophilic and 
hygroscopic characteristics of natural fillers influence both filler dispersion and interfacial 
adhesion. The presence of humidity can lead to the formation of water vapor during processing, 
which in turn can cause void formation and poor mechanical properties.  
Finally, entirely “green composites” can be fabricated by incorporating natural fillers 
with biodegradable polymer matrices such as polyesters, polysaccharides, natural rubbers, and 
some polyamides, to name a few. Fully biodegradable composites have a few limitations as well. 
First, biodegradable polymers are more expensive than their traditional counterparts. 
Biodegradable polymers have recently become less expensive, however, their use most increase 
much more in order to drive their cost down further. Next, as previously mentioned, filler 
dispersion and interfacial adhesion still present a challenge in many cases. Depending on the 
biodegradable polymer, dispersion and adhesion may be more satisfactory because of the 
presence of polar groups in the polymer backbone. However, it is still sometimes necessary to 
improve adhesion with chemical treatments, which is neither convenient nor cheap from an 
industrial perspective.  
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1.3 Pollen as a Filler 
Pollen is a natural particle which has the potential to be an effective biorenewable 
reinforcing filler due to its unique surface architectures, high strength, chemical stability, and 
low density. These properties may enhance stress transfer between polymer and pollen filler, 
increase the energy absorption of pollen filler while under stress, enhance chemical resistance, 
and effectively maintain or lower material density. Pollens from sources such as ragweed plants 
are ubiquitous natural materials that are based on sustainable, non-food resources. Pollen is a 
remarkable example of evolutionary-optimized microscale particle with structures and/or 
chemistries tailored for effective adhesion to a variety of surfaces and protection of genetic 
material under different dynamic and environmental conditions. The pollen shell is perhaps the 
most chemically resistant naturally occurring material. Some pollens are anemophilus, or 
dispersed by wind, and thus are very light-weight.  
Pollen’s chemical inertness, mechanical strength, thermal resistance, and unique 
architectures has led to a growing interest in pollens practical use and as a model particle. Some 
unique studies have explored pollen microcapsules for drug delivery [27, 28]. Food supplements 
and drugs can be loaded into empty pollen shells, through a variety of means, for targeted 
delivery. Pollen shells have also been explored as micro-reactors for in situ preparation of 
nanoparticles [29]. Much work has been done using pollen as a biotemplate for fabrication of 
microparticles and as a carrier particle of nanoparticles [30-33]. Pollen can be coated with 
various substances such as silicon dioxide and iron oxides, through methods such as sol-gel 
processes, and then subsequently burned off leaving behind hollow microparticles with well 
controlled surface structures. Finally, the Meredith group had been the leader in researching 
pollen as a model particle for understanding and mimicking biostructural based adhesion [34-
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36]. This is primarily achieved with colloidal probe atomic force microscopy, in which pollen 
grains are attached to tipless cantilevers and contacted to different surfaces in order to measure 
adhesion forces. 
1.3.1 Pollen Chemistry 
Pollen grains are the carrier of the male gametes for plant reproduction. The pollen wall 
has three main domains: the exine, intine, and pollen coat [37, 38]. The outermost shell, known 
as the exine, is composed of sporopollenin, a highly crosslinked biopolymer network. 
Sporopollenin is insoluble to most solvents and extremely resistant to non-oxidative physical, 
biological, and chemical degradation. The outer shell is also very mechanically tough [39]. 
Chemical analysis of sporopollenin is limited due to its insolubility in commons acids and 
solvents, making its exact chemical composition difficult elucidate [40]. However, nonoxidative, 
extraction-hydrolysis methods have been used to isolate pollen exines of different plant classes 
for analysis with solid state techniques. 13C NMR spectra obtained from exines indicated that 
sporopollenin from different pollen species are distinct substances [41]. Sporopollenin can 
therefore be categorized as a class of biopolymers rather than a single, homogeneous 
macromolecule. FTIR spectra of acetolyzed sporopollenin of Magnolia grandiflora Linn. and 
Hibiscus syracus Linn. suggest that the main structure of sporopollenin is a simple aliphatic 
polymer with aromatic and conjugated groups in the side chains [42]. 1H-1H-COSY NMR 
spectra of silyl and acetyl derivatives of Typhaangustifolia L. have revealed that phenols are 
integral compounds of the sporopollenin skeleton through the identification of 4-hydroxy-
cinnamic acid from [43-45]. Exposing sporopollenin from Typhaangustifolia L. to a series of 36 
subsequent acidic methanolysis procedures indicated that the sporopollenin possesses alkyl 
chains containing at least ten CH2 groups and the polymers are linked by ether bridges [46]. 
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Pyrolysis GC-MS revealed that p-coumaric acid and ferulic acid were both present in 
sporopollenin of Betulapendula and Pinussylvestris [47]. Solid state 13C NMR and RuO4 
chemical degradation, combined with pyrolysis results, have led to a tentative structure for 
sporopollenin, shown in Figure 1.4, in which long-chain (C24-C28) highly aliphatic units form the 
backbone of sporopollenin with cinnamic acids as cross-linking units, ether cross-linkers, and 
ester functions [48].  
Further structural elucidation has been achieved through derivatisations of sporopollenin 
in order to identify functional groups. Bromination of sporopollenin highlighted the high degree 
of carbon-carbon double bond unsaturation in its structure [49, 50]. Gravimetric results were 
used to estimate the loading of unsaturations as 2.5 mmol/g [51, 52]. Hydroxyl groups have been 
substituted with chlorine using chemicals such as phosphorus pentachloride and 9-
fluorenylmethyl carbamate (Fmoc) [51, 52]. The amount of hydroxyl groups has also been 
quantified in various studies to be between 1.15 to 9.8 mmol/g with techniques such as 
radiochemical analysis to determine the release of acetyl attachments following acetylation of 
sporopollenin and UV analysis of released Fmoc-piperidine [50, 51, 53, 54]. Carbonyls on 
sporopollenin were reacted with 2,4-dinitrophenylhydrazine forming corresponding hydrazones 
which were easily detectable by IR due to the introduction of nitrogen and the number of 
carbonyl sites were estimated to be .6 mmol/g with elemental combustion [51, 52]. Finally, the 
amount of acidic functions (i.e. carboxyls, lactones, phenols) was estimated to be 1.3 mmol/g 
with back titrations against dilute sodium hydroxide [51]. 
Beneath the exine layer is the intine, which is rich in cellulose and hemicelluloses, similar 
to the primary walls of common plant cells [55]. While the intine and exine are solids, some 
species of pollen have liquid lipoidal surface substances, called the pollen coat or pollenkitt. 
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Pollenkitt is a viscous adhesive material that is primarily located in the cavities of the exine as 
well as the surface of the exine. Amongst its functions, pollenkitt has adhesive properties 
facilitating pollen transmission with insects and other animals and offers protection against water 
loss, fungi or bacteria, and UV radiation. Despite its importance for pollen dispersal and 
subsequent germination, relatively little is known about the chemical composition of the 
pollenkitt [38]. Analysis of the volatiles from the pollenkitt of Rosa rugosa revealed that the 
coating extract comprised half of the volatiles found in pollen (aromatics, C11-C16aliphatics, and 
terpenoids) and proportionately more C16 acetate [56]. Pollenkitt volatiles of different species of 
pollen have also been found to be distinct [56]. Other components found in pollenkitt include 
non-glyceride neutral lipids (hydrocarbons, fatty acid methyl esters, sterol esters, aldehydes, and 
ketones), very few polar lipids, and pigments (yellow carotenoids and flavenoids) [57]. Pollenkitt 
is present in pollens of the entomophilus taxa (dispersed by adherence to insects), secondary 
anemophilous members which belong to entomophilus families, and variably in zoophilus 
(dispersed by adhering to vertebrates) plants [58, 59]. Finally, within the interior of the pollen 
grain is a large vegetative cell consisting of a nucleus that lies within the cytoplasm which is 
densely packed with storage oil bodies, endoplasmic reticulum, vesicles around the periphery 
cytoplasm, and two sperm cells [38, 60]. These intracellular pollen lipids and membranes are 




Figure 1.4:  Monomer and macromer precursors of sporopollenin [61]. 
 
1.3.2 Pollen Shape 
Pollen is a micrsoscale particle that can range from 5-200 μm, depending on the plant 
species. Additionally, different species display unique micro and nano scaled surface structures 
such as spines, grooves, pores, etc, as shown in Figure 1.5. In nature, pollen structure plays a 
vital role to its successful dispersal and transport. The exine wall in anemophilous pollen species 
is often modified to enhance buoyancy. The exine wall in entomophilous and zoophilous pollen 
species often displays surface rods, spines, and other features to enhance interactions between 
animal and insect vectors [60, 62, 63]. As a result, the structure and sculpture of the exine is what 
gives pollen its distinct microscopic and submicroscopic morphology [62]. Figure 1.7 displays 
the known basic architectures of the outer sculptured layer of the exine and sexine, which are 




Figure 1.5: Representative scanning electron micrographs of the structural diversity of (a) 
diatom, (b) spore, and (c) pollen microparticles. Images were taken from references. 
Pollen from a variety of common plants (left, 50 μm scale bar) [65, 66]. 
 
Figure 1.6: Ultrastructure of a typical mature pollen grain. Extracellular features include 
the inner intine, outer exine, and pollen coat (pollenkitt) filling the cavities of the exine 
sculpture. The exine is further divided into the sexine (tectum, columella, formina) and 
nexine (foot layer and endexine). Intracellular features include oil bodies, rough 
endoplasmic reticulum (rER), numerous vesicles, a vegetative nucleus, a vegetative cell, 





Figure 1.7: Surface sculpturing elements of pollen taken from reference [64]. Raised areas 
are shown light and lower areas are shown dark. Cross-sections of the exine are located 
around the perimeter. 
 
Table 1.1: Characteristic surface structures of pollen grains [62]. 
Architecture  Characteristic  
Psilate Smooth surface  
Foveolate Pitted surface  
Fossulate Grooved surface  
Perforate  Numerous openings in the tectum  
Scabrate Sculptured elements < 1 μm in any 
dimension  
Verrucate Sculptured elements > 1 μm with near 
equal height and width  
Gemmate  Sculptured elements with diameters 
equal to, or greater than, the height with 
a constricted base of > 1 μm 
Baculate Rod-like elements > 1 μm of greater 
height than width  
Clavate Elements > 1 μm long of greater height 
than width with a constricted base or 
club-shaped tip  
Echinate Pointed spines 1-3 μm long  
Rugulate Horizontally elongated elements in an 
irregular pattern  
Striate  Horizontally elongated elements in an 
irregular pattern  
Reticulate  Horizontally elongated elements forming 
a net-like pattern  
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Pollens, with their wide variety of architectures, offer unique shapes relative to other 
fillers available which are typically confined to simple geometries. Additionally, pollens display 
well defined shapes that are more uniform in shape and size than conventional fillers. Its 
uniformity eliminates the need for processing such as crushing, grinding and milling and makes 
it interesting as a model particle for investigating particle shape effects in predictive models for 
composite properties. Additionally, distinguishing between primary particles, agglomerates, 
aggregates, and even fragments is simple with pollen. In applications that call for uniform stress 
distribution, monodisperse uniformly shaped particles are ideal, making pollen an interesting 
candidate.  
The shapes and sizes of pollen grains may impact its performance as a filler. The unique 
shape of pollen raises many questions when considering it as a filler, such as how might surface 
features of some pollen affect wetting and adhesion of the polymer matrix on the pollen surface? 
Since there are few examples of inorganic or conventional filler particulates with these types of 
structures, these questions remain relatively unexplored in composite science. Thus, 
investigating pollen as a filler may shed light upon how fillers with well defined, complex 
architectures affect composite properties. Pollen surface structures increase overall interfacial 
area and are likely to have an affect on the structure of the interphase of the polymer matrix 
surrounding the filler particles [19, 20, 68]. The interphase consists of polymer adsorbed to filler 
and has been shown to have an important affect on composite properties, including relaxation 
behavior, glass transition temperature, and fracture behavior (brittle or ductile). Properties of the 
interphase differ from bulk properties of the matrix and its thickness is affected by the degree of 
interaction between phases. Pollen surface structures may enhance stress transfer between the 
pollen and polymer by increasing interactions with surrounding polymer chains, due to increase 
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interfacial surface area. This may subsequently increase the energy absorption of pollen filler 
while the material is under stress (i.e. toughening). Additionally, surface features, such as spines, 
may act as stress concentrators in the polymer matrix. This stress concentration may serve as 
initiation points for crazing upon deformation which would toughen the material.  
Pollen surface structures are likely to have an effect on the wetting and spreading of the 
polymer matrix around pollen. It has been observed that microscopically rough or spiked surface 
can dramatically worsen or improve wettability [69]. Wetting regimes on rough surfaces have 
been separated into three states: the Cassie state, the Wenzel state, and an intermediate state [70]. 
The Cassie state is heterogeneous wetting where a droplet does not make full contact with the 
entire surface and the Wenzel state is homogeneous wetting where the liquid fills the grooves of 
the surface. The transition between these two states is affected by interactions between fluid and 
substrate, aspect ratio of structures creating roughness, and spacing to diameter ratio of 
structures. Thus, wetting of polymer surrounding pollen grains is likely to be affected pollen 
surface roughness and surface features such as spines. Figure 1.8 shows the two extremes of 
Cassie and Wenzel states and how they may apply to pollen grains incorporated in a polymer. 
The exceptional adhesion of the gecko footpad with high aspect ratio structures and 
superhydrophobicity of the lotus leaf with low aspect ratio structures, have inspired many studies 
on the tuning of wetting and adhesion [71, 72]. Such studies have shown that patterned surfaces 
with higher space to diameter ratios and lower aspect ratios are more likely to exist in the 
Wenzel state. Considering only the geometry of short ragweed pollen, low aspect ratio (spike 
height/spike base diameter ≅	.73) and low space to diameter ratio (~.51), one might expect it to 
fall in the Cassie state due to its low space to diameter ratio. This may decrease wetting, however 
its low aspect ratio as well as other factors may enhance filling of inter-spine spaces. Perhaps, 
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pollen species with high spike density may display decreased wetting due to a decreased space to 
diameter ratio. Interestingly, due to inspirations from nature such as the gecko, researchers have 
aimed to tune adhesion with high aspect ratio patterning [73-75], highlighting the synergistic 








Figure 1.8: Cassie state (left column) and Wenzel state (right column) (top row from [76]). 
Polymer chains may also be able to diffuse or flow into the pores of the pollen exine, 
increasing mechanical stress transfer between polymer and filler. For example, short ragweed 
pollens display pores between 30 to 100 nm in diameter and many pollens possess large 
openings, or apertures. Polymer may also become entrapped in pollen grains, possibly leading to 
a phenomenon known as “occluded polymer”, which is widely observed with carbon blacks [77, 
78]. This becomes more likely and significant in cleaned pollen with intracellular materials 
removed. Finally, pollen is very lightweight relative to most fillers, with a density less than or 
comparable to the density of many polymers. The fact that pollen can be made hollow through 
relatively simple cleaning steps (acid and base treatments) would render them even lighter and 
less dense. Sporopollenin has a density slightly larger than 1 g/cm3. If the surface of hollow 
pollen grains were coated with some substance in order to entrap air within the pollen grain, even 
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further weight reduction would be achievable. Thus, potential cost savings with pollen filler may 
be very feasible. There is tremendous interest in lighter weight composite materials, particularly 
in transportation applications. 
1.3.3 Pollen Sustainability 
Pollen is a natural particle produced by plants in large numbers. Pollens from sources 
such as ragweed plants are ubiquitous natural materials that are based on sustainable, non-food 
resources. A single ragweed (Ambrosia artemisiifolia) plant can produce 8 billion ragweed 
pollen grains in 5 h [79]. It has been conservatively estimated that 1 million tons ragweed pollen 
alone are produced annually in the United States [80]. Considering the estimated 352,000 species 
of flowering, pollen bearing plants, the total yearly production of pollen worldwide may be 
several orders of magnitude greater. Additionally, pollen production is expected to significantly 
increase based on predicted future climate conditions. Five CO2 emission scenarios for the period 
1850-2100 project a minimum atmospheric CO2 level of ~440 ppm, with less conservative 
estimates approaching ~600 ppm, to be achieved by the year 2100 [81]. Subjecting plants to 
future CO2 conditions, a 62% increase in CO2 levels from the year 2000 to future CO2 levels 
results in a 90% increase in pollen production [82]. The pollen shell is perhaps the most 
chemically resistant naturally occurring material. Intact pollen shells have even been in in fossils 
that are 500 million years old [83, 84].Pollen exists as individual grains, eliminating the need for 
mechanical processing such as grinding and milling. The chemicals required to clean and isolate 
the pollen shell are used in the filler industry as well as other industries and organosilane 
functionalization is widely practiced in the filler industry as well.  
Despite this abundant and potentially sustainable source, there is no current infrastructure 
for mass pollen collection. Currently a number of companies (e.g. Greer Laboratories, Inc., 
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Polysciences, Inc., etc.) offer a wide range of pollen species in lab-scale quantities. Commercial 
harvesting on this scale is supplied by certified pollen farmers in the U.S. and Europe [85]. One 
such 400-acre farm collects roughly 30 species of pollen. During ragweed season, which runs 
from mid-August to October, this farm harvests an average of more than four pounds of ragweed 
pollen per day, or about 300 pounds total on 10 acres of land [86]. Greer Laboratories, an 
allergen manufacturer, has demonstrated collection and processing of pollen source materials, 
such as short ragweed pollen, on the magnitude of tons. Collected pollen is sold to companies at 
an average cost of 50 cents per gram of pollen and as low as five cents per gram for common 
pollen such as ragweed (~$23/lb ragweed). Pollen collection and price present the two of the 
greater challenges to implementing pollen as a filler. In order to replace 10% of the annual silica 
market, ~11000 tonnes of pollen would be required. However, due to its low density, this is 
nearly half the weight of the same amount of silica on a volume basis. Based on the 300 pound 
collection of ragweed on 10 acres, this would require ~776,466 acres of land. Silica is a mass 
produced filler that ranges from $.90 – 2.50/lb. Although it is unclear how pollen collection on a 
larger scale may impact the environment, the fact that these pollen farms currently exist 
demonstrate the potential to sustainably harvest pollen to meet consumer demands. Therefore, 
opportunities for scaling up and decreasing material cost may be investigated if a sufficient 
technological motivation were demonstrated. Thus, despite the lack of current infrastructure, the 
substantial amount of available material and the fact that collection is currently achieved on a 




1.3.4 Pollen-Polymer Composites 
The Meredith group was the first to demonstrate the incorporation of pollen in polymer 
matrices [87]. In this study, short ragweed pollen (Ambrosia artemisiifolia) is dispersed in 
polymer solution and then solvent cast to form composite films. The polymers used were poly (ε-
caprolactone) (PCL) and polystyrene (PS). Scanning electron microscope (SEM) images 
revealed better wetting of pollen in PS matrices than in PCL. Sporopollenin contains ester groups 
and aromatic moieties [40, 88, 89], so the enhanced interaction with PS (aromatic) relative to 
PCL (esters) was unanticipated. The authors suggested that amorphous nature of PS may 
facilitate polymer chain interactions with spiny pollen grains, while the ordered crystalline 
regions in PCL may have hindered interactions. In agreement with interfacial observations, the 
mechanical properties of PCL degraded with pollen loading, while there was a synergistic effect 
in elongation in the PS composites. This effect was attributed to a trade off between addition of 
tough filler at low loadings and inefficient stress transfer at higher loadings. This was also in 
agreement with a slight glass transition temperature increase indicative of a weak but favorable 
interaction. This study further shows that pollen-polymer composites are attractive because they 
could form the basis for a new class of light-weight, high-strength materials with a sustainable 
plant-based source, displacing petroleum derived materials. However, many filler related 
properties of pollen must be characterized in order to form a more complete understanding, 
predict what polymers pollen will be compatible with, and enhance the effectiveness of pollen as 
a filler. A clearer understanding of these properties will also be useful in choosing proper surface 
modifications for pollen to further improve pollen-polymer interactions. 


















Figure 1.9: Films of ragweed pollen in (a) polycaprolactone, (b) polystyrene, and (c) 
representative elongation at break curves for the solution cast samples [90].  
 
1.4 Thesis Overview 
This research aims to characterize pollen interfacial properties and utilize pollen as an 
effective reinforcing filler in polymer materials. These particles will allow us to create high strength, 
light-weight polymer composites with sustainable filler. The main objectives are as follows: 
I. Characterize important interfacial properties of pollen. 
a) Optimize an acid-base hydrolysis treatment of as received, defatted pollen. 
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c) Develop and use inverse liquid chromatography (ILC) to characterize pollen chemical 
and physical interactions of pollen with potential matrix chemistries. 
II. Engineer a more effective pollen-polymer composite. 
a) Explore the effects of the acid-base hydrolysis treatment and organosilane 
functionalization of pollen in polyvinyl acetate (PVAc) matrices. 
b) Explore the effects of the acid-base hydrolysis treatment of pollen in waterborne 
epoxy matrices. 
c) Determine the effects of size of pollen microstructures on wetting, adhesion, and 
composite properties. 
Chapter 2 focuses on understanding pollen interfacial properties of pollen particles using Fourier 
transform infrared spectroscopy (FTIR), the BET method, and inverse liquid chromatography (ILC). 
Chapter 3 describes the use of ragweed pollen in PVAc matrices. The effectiveness of pollen as a 
reinforcing filler is determined as a function of pollen loading and surface treatments/chemical 
modifications. Scanning electron microscopy (SEM) was used to determine interfacial 
morphology, a high throughput mechanical characterization device (HTMECH) was used to 
determine mechanical properties, and differential scanning calorimetry (DSC) was used to 
determine glass transition behavior. Chapter 4 details the use of ragweed pollen in waterborne 
epoxy matrices. The effectiveness of pollen as a reinforcing filler is determined as a function of 
pollen loading and surface treatment and the same techniques utilized in Chapter 2 are used 
again. Chapter 5 focuses on investigating the effect of surface structure size on wetting, adhesion and 
composite properties. This was achieved by using three pollen species (Ragweed, Kentucky Blue 
June, and Dog Fennel) and utilizing the same characterization techniques used in Chapters 3 and 4. 
Chapter 6 concludes with a summary of the important findings and provides future recommendations 
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2 CHAPTER 2  
CHARACTERIZATING INTERFACIAL PROPERTIES OF POLLEN 
This chapter is in preparation for publication. 
2.1 Overview 
Pollen grains are microscopic particles whose exine exhibits unique surface chemistries 
tuned by evolution to protect delicate genetic material. However, there are limited quantitative 
studies on the effect of pollen surface chemistry on surface interactions of pollen grains. The 
main focus of this work is the measurement of solid-liquid interactions of short ragweed pollen 
and chemical probes via inverse liquid chromatography (ILC).  By measuring retention of probes 
at various temperatures, heats of interaction are calculated. Native (D) pollen displayed very low 
variations in retention of probes with varying functionalities likely governed by size exclusion 
mechanisms. Acid-base treated (AB) pollen displayed increasing retention with increasing probe 
polarity due to specific interactions. Chemical probes with alcohol and amide groups were most 
highly retained on acid-base treated pollen. The calculated heats of interaction of chemical 
probes range from approximately -8 kJ/mole to -30 kJ/mole, with the more highly retained polar 
probes portraying the largest magnitudes. Additionally, increased asymmetry factors of up to 4 
indicate specific interactions of polar probes with surface hydroxyls present on acid-base treated 
pollen. This information is useful in understanding how chemistry affects dynamic aspects of 
pollen surface interactions and improves the understanding of pollen physicochemical properties.  
In addition, it will be helpful in designing composites utilizing pollen as a sustainably-sourced 





Particle adhesion displayed in natural phenomena such as pollination and bacterial, viral, 
or fungal growth, have been of great scientific interest. Such interest stems from the relevance of 
particle−surface adhesion in important engineering applications including composites, paints and 
pigments, and drug delivery [1-6]. Understanding the fundamental mechanisms of these natural 
phenomena may improve our ability to tune particle adhesion in these various applications.  
Pollen grains are microscopic particles exhibiting complex surface chemistries and solid 
surface features, optimized by evolution for the protection of delicate genetic material for plant 
reproduction and to facilitate adhesion of pollen to insect and plant surfaces under different 
dynamic and environmental conditions [7].  The pollen wall has three main domains: the exine, 
intine, and pollen coat [8, 9]. The outermost shell, known as the exine, is composed of 
sporopollenin, a highly crosslinked organic substance consisting of fatty acids, 
phenylpropanoids, and phenolics. It has high chemical stability and is mechanically very tough 
[10, 11]. Under the exine layer is the intine, which is rich in cellulose and hemicelluloses. While 
the intine and exine are solids, some species of pollen have liquid lipoidal surface substances, 
called the pollen coat, in and/or on the exine features. Amongst its functions, the pollen coat has 
adhesive properties facilitating pollen transmission with insects and other animals [12-14]. 
Despite pollen’s unique surface chemistries, there are only limited quantitative studies on the 
role of pollen surface chemistry in surface interactions of pollen grains. A quantitative 
description of the effect of pollen chemistry on surface interactions may be useful for further 
understanding of pollen adhesion in the natural environment. More specifically, understanding 
solid-liquid interactions of the pollen surface may be useful in predicting the compatibility of 
pollen with different polymers, related to previous work on pollen-polymer composites [15].   
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Inverse liquid chromatography (ILC) is a relatively new technique that can be used to 
study solid-liquid interactions. It is sensitive to small differences in adsorption properties through 
measurement of retention times of different chemical probes. ILC has been used to determine the 
physicochemical characteristics of materials such as silica, coal, xerogels, and zirconia, to name 
a few [16-18]. ILC is similar to inverse gas chromatography (IGC), a technique that has been 
used over the past 50 years [19-22]. One advantage of ILC versus IGC is the potential to probe 
interactions of large molecules, such as oligomers or even polymers. Also, ILC allows the study 
of solid-liquid interactions relevant to industrial processes under significant conditions such as 
pH and temperature. One complication with ILC is that the use of a liquid components results in 
competition between mobile phase and probe molecules for adsorption on the solid phase. This is 
unlike IGC, where the gaseous mobile phase can be assumed to have negligible in adsorption 
processes.  
ILC retention may be due to multiple mechanisms such as Vander Waals interactions, 
polar interactions, hydrogen bonding, or size exclusion. Solid-liquid interactions may be 
influenced by several factors, such as the functional groups in the chemical probes, functional 
groups on the solid surface and their distributions, and surface area of the solid surface. One ILC 
approach is based on the determination of the capacity factors of probes, from their net retention 
times, in the linear domain of the adsorption isotherm (infinite dilution) [23-26]. Column 
efficiency in ILC could be expected to be less significant than in analytical liquid 
chromatography. However, peak resolution is not a specific requirement. 
Another approach is the determination of adsorption and desorption isotherms with probes at 
finite concentrations [21, 27-29]. In the present study, the ILC capacity factors of organic 
compounds in columns packed with pollen grains were observed as a direct measurement of 
32 
 
pollen-liquid interactions. To our knowledge, this is the first use of ILC in characterizing 
biological particles. Surface properties are also probed with the BET method and DSC/TGA 
measurements. 
2.3 Experimental 
2.3.1 Pollen Samples 
Short ragweed (A. artemisiifolia, Greer Laboratories) non defatted (N) and defatted (D) 
pollen grains were obtained from and stored at 4 °C prior to use. D pollen grains were tested as 
received and also after treatment with an acid base hydrolysis (AB) procedure in order dissolve 
intracellular material and isolate the exine shell [9, 30]. Briefly, D pollen was stirred in 
potassium hydroxide (EMD Millipore) at room temperature for 24 hours. This pollen was 
washed with hot water and hot ethanol and dried in a convection oven. The dried base treated 
pollen was then stirred in phosphoric acid (BDH chemicals) for 7 days at 50 °C. This acid treated 
pollen was washed in the same manner as the base step and then dried in a convection oven at 60 
°C. This process caused the pollen grains too lose ~80% of their original weight.  Treated pollen 
is referred to as AB pollen. FT-IR spectra were obtained on a Bruker Vertex 80V FT-IR 
spectrometer equipped with a MIR beamsplitter from 4000 cm-1 to 400 cm-1. D and AB pollen 
were mixed with KBr powders and pressed in pellets for measurement. 
2.3.2 Characterization and ILC 
A QuadraSorb SI instrument based on adsorption of nitrogen gas by the BET method was 
used to determine the surface areas of N, D, and AB pollen. In order to obtain suitable 
measurements, large bulb cells were utilized in order to allow for a large amount of material to 
be used (> than 1 gram), due to the low surface area of pollens. Pollen was activated overnight in 
a vaccum oven at 100 °C and again dried on a high vacuum line in the BET bulb cells prior to 
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testing. A Netzsch STA409PG was used for simultaneous thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC). Approximately 8 mg of pollen (D or AB) were used for 
each experiment. A heating rate of 10 K/min was used up to 900 °C under a mixed gas stream of 
nitrogen and air.  
For ILC experiments, pollen samples were heated in a vacuum oven at 100 °C before 
column packing to remove physisorbed water. Pollen was then wet packed with cyclohexane in 
empty stainless steel columns (i.d. of 4.6 mm, 5 cm long, and with 2 μm frits) with the aid of 
mechanical vibration and a vacuum pump. HPLC grade cyclohexane (Alfa Aesar) was used as a 
mobile phase. The HPLC grade organic compounds tested are listed in Table 2.2. ILC 
experiments were conducted with a Dionex Ultimate 3000 UHPLC instrument equipped with a 
UV detector with a flow rate of 0.5 mL/min and at various temperatures (30, 40, and 50 °C). The 
UV detector was operated at a wavelength of 200 nm. 1 to 10 μL injections were made from 0.1 
or 1 vol% solutions (depending on strength of UV detection). The dead volume was determined 
by performing injections with cylcohexane on a smaller column (2.1 mm i.d.) in order to 
overload the column. This produced double peaks where the second peak is cyclohexane that is 
adsorbed to the surface, while the first peak is cyclohexane carried by the mobile phase and 
eluted before the second retained peak because of the low surface area available in the column. 
The first peak was used to estimate the void time of an unretained probe.  





where tR is the retention time of an adsorbing probe and t0 is the void time of a non-adsorbing 
probe. Asymmetry factors, AS, are determined with the Chromeleon chromatography data 









Figure 2.1: Schematic for As calculation. 
2.4 Results and Discussion 
2.4.1 Surface Characterization 
The specific surface areas of non-defatted, defatted, and treated pollen shown in Table 
2.1 were determined on a QuadraSorb SI instrument based on adsorption of nitrogen gas by the 
BET method. There was a significant increase in surface area in the order non-defatted < defatted 
<  treated. This is expected as defatting removes soluble surface organics and acid-base 
hydrolysis removes hydrolysable organics, leaving only the exine shell intact, freeing up surface 
sites for adsorption. Adsorption isotherms are Type II with limited hysteresis. An SEM image of 
the exine shell of short ragweed pollen (Figure 2.2) shows a perforated surface with pores 
ranging from about 30 to 100 nm. Both of these observations suggest the surface of short 
ragweed pollen is macroporous. 
Table 2.1: Specific surface areas of pollen with different treatments. 
Pollen Type Non-Defatted Defatted Treated 
SBET (m














Figure 2.2: Perforated exine surface of ragweed pollen. 
Figure 2.3 shows both the percent weight loss and heat flow of both D and AB pollen. 
Weight loss occurred up to ~500 °C for D pollen and ~560 °C for AB pollen. It has been 
suggested that the two weight loss event correspond with first the burning off of components 
with low molecular weight and low boiling point (200 – 400 ˚C) and the second weight loss 
event corresponds with the decomposition of higher molecular weight components 
(hemicellulose, cellulose, and sporopollenin, 400 – 550 ˚C) [31]. However, the first event is still 
clearly present with AB pollen, so it is likely that the burning of hemicelluloses and celluloses 
occurs in the first event. This would correspond with previously observed weight loss 
temperature ranges of cellulose as well [32-34]. However, the heat flow plot reveals that the 
temperature of the first event shifts from 333 ˚C to 344 ˚C for D and AB pollen respectively. 
Thus, cellulose and hemicelluloses burn off in the first event with other pollen internal materials. 
Also, AB pollen likely displays a higher temperature of the first event due because more 
thermally resistant crystalline cellulose is burned off as opposed to amorphous cellulose 
(dissolved in acid-base treatment). The second event corresponds with the degradation of the 
high molecular weight, highly crosslinked sporpollenin shell. The heat flow plot also reveals that 
the temperature of the second event shifts from 483 ˚C to 503 ˚C for D and AB pollen 
respectively. The weight loss behavior shows that weight loss is continuous and somewhat 











































Figure 2.3: Percent weight loss and heat flow for both D and AB pollen. 
decompose at a higher temperatures. It is also possible that internal materials react or interact 
with sporpollenin in such a way that cause it to be less thermally stable and thus the 
sporopollenin degrades at higher temperatures when these components are absent. This idea may 
be further supported by the heat flow plot, which reveals that the second decomposition peak of 
D pollen has a significantly higher magnitude of heat flow than the AB pollen. This means that 
the decomposition of sporopollenin is more endothermic in D pollen than AB pollen which may 
be a result of the reaction of intracellular and internal materials with sporopollenin. Finally, the 




Retention was first measured on D pollen with the probes listed in Table 2.2. Figure 2.4 
shows a few examples of characteristic chromatograms that were obtained for the probes at 30 
˚C. It is observed that for most of probes, retention remains relatively unchanged despite the 
various probe functionalities. Pyridine, the most polar probe, eluted at 1.439 minutes, barely 
larger than the void time of 1.36 minutes at 30 ˚C. The exception was ethanol, which eluted at 
4.26 minutes at 30 ˚C. Table 2.2 also shows the AS values for the probes at three different 
temperatures. Many of the probes, including the solvent peak, have similar AS values, slightly 
greater than 1. Some probes of increasing polarity have increased AS, but a clear trend in AS 
values with changing polarity is not clear. Additionally, increased AS values may be partially due 
to convoluted peaks due to D pollen’s very low selectivity for different probes.  
Table 2.2: Peak asymmetry of probes on D pollen. 
Probe AS 30C AS 40C AS 50C 
Cyclohexane (solvent peak) 1.68 1.72 1.67 
Benzenea 1.79 1.82 1.84 
Ethyl Acetateb (EA) 1.79 1.81 1.8 
Tetrahydrofuranc (THF) 1.67 1.68 1.71 
Acetoned 2 2.52 3.43 
Ethanole 2.61 1.86 2 
Propanolf 2.15 2.28 2.68 
Pyridineg 2.63 3.21 4.04 







Figure 2.4: Characteristic chromatograms for retention on D pollen at 30 ˚C (left) and AB 
pollen at 50 ˚C (right). 
Considering a tentative and simplified structure of sporopollenin [35] (Figure 1.4) and the 
unchanging retention time of probes on D pollen, this may suggest that surface interactions are 
dominated by the intracellular material and/or the aliphatic backbone of sporopollenin, confining 
interactions to predominantly van der Waals interactions. Figure 2.5 shows the presence of 
intracellular material in D pollen. This material, which includes storage oil bodies, membrane 
phospholipids, and pollen cytoplasm, [8] comprises the majority of pollens weight. Therefore, 
the intracellular material likely dominates interactions since it comprises the majority of D 
pollen. In the presence of nonpolar cyclohexane mobile phase these components may align in 
micellar formations with the long nonpolar alkane chains exposed and polar hydroxyl and 
carboxyl groups inaccessible for surface interactions. Such micelles may also render polar 












Figure 2.5: Native D pollen (left), D Pollen crushed exposing intracellular material 
(middle), and hollow AB pollen (right). 
 




Cyclohexane  6.1 
Benzene 6.7 
EA -- 
THF [36] 6.3 
Acetone [37] 6.16 
Ethanol 4.4 
Propanol [38] 4.8 
Pyridine [39] 4.92-5.12 
 
measured (Table 2.3), so its increased retention may indicate that due to weak van der Waals 
interactions, size exclusion retention mechanisms are significant.   
Figure 2.6 shows the FTIR spectra for both D and AB pollen. The spectra of the different 
pollens are similar, with key differences. The cellulose fingerprint appears in the 1100 to 900 cm-
1 region on D pollen, due to the presence of polysaccharide material in the pollen [11, 40]. The 
spectrum for AB pollen shows an important lack of peaks associated with polysaccharides in this 
range, indicating the full or partial dissolution of pollens cellulosic intine [7, 41]. Additionally, D 
pollen displays a very broad band at 3375 cm-1 due to the O-H stretch of –OH groups that shows 
a stronger intensity than the –CH stretches of –CH2 groups at 2910 and 2840 cm






AB pollen displays a more narrow –OH band with a smaller intensity than the –CH2 peaks. AB 
pollen’s OH band is also shifted to higher wavenumbers around 3450 cm-1, indicating increased 
stretching of free hydroxyls. The C=O stretch of carboxyl groups also shifts from 1672 cm-1 to 
1707 cm-1 on D and AB pollen, respectively. Therefore, the acid-base hydrolysis decreases the 
ratio of hydroxyl to methylene groups due to the full or partial dissolution of the intine and 
makes hydroxyl and carboxyl groups more accessible for surface interactions.   
 
Figure 2.6: FTIR spectra of D pollen (top) and AB pollen (bottom). 
Figure 2.4 also shows the characteristic retention chromatograms for AB pollen at 50 ˚C 
and Table 2.4 shows the capacity factors for probes at three different temperatures. AB pollen 
displays a significantly different retention behavior than D pollen. The elimination of 
intracellular material makes hydroxyl and carboxyl groups on the sporopollenin accessible for 
adsorption, which are capable of polar interactions (e.g. acid-base, hydrogen bonding) [42-44]. 
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As probe polarity is increased, retention increases. Benzene, which has π-electrons that interact 
with acidic hydrogen sites on the pollen surface [17, 18, 44], displays the lowest capacity factor 
of 1.07 at 30 ˚C eluting in 2.8 minutes. Oxygen bases are more highly retained, as oxygen may 
act as electron donors [42-44]. EA and THF show similar retention times. EA eluted in 4.8 
minutes at 30 ˚C with a capacity factor of 2.58. Acetone is more highly retained due to its higher 
electron density. Alcohols show increased interactions due to O-H··O hydrogen bonds alcohol 
hydrogen or pollen surface hydrogen [44, 45]. For example, propanol, a more polar probe, eluted 
at 24 minutes at 30 ˚C with a capacity factor of 17. The most polar probe, pyridine, eluted at 70 
minutes at 30 ˚C with a capacity factor of 50.31. The lone pair on the nitrogen of pyridine is able 
interact with an electron accepting hydrogen on polar groups of pollen surface [44]. 
Additionally, pyridine has negligible self association, unlike the alcohols probed, possibly 
increasing interactions with the pollen surface [42]. This retention behavior arises from 
interactions of acidic hydroxyl and carboxyl groups that are accessible after pollen treatment can 
strongly interact with basic probes. Also, as expected, capacity factors decrease with increased 
temperature.  








Probe k (30C) k (40C) k (50C) 
Benzene 1.08 1.022 0.89 
EA 2.58 2.02 1.62 
THF 2.46 1.97 1.60 
Acetone 5.86 4.35 3.34 
Ethanol 32.57 24.10 15.75 
Propanol 16.79 13.05 8.41 
























Figure 2.7 shows van’t Hoff plots that were used to determine heats of interaction (∆ ) 
for transfer of probes from the mobile phase to the AB pollen surface according to the following 
equation:  










Here, ∆  is the entropy for the transfer of the probes from the mobile phase to the stationary 
phase, R is the gas constant, T is the absolute temperature Vs is the volume of the stationary 
phase, and V0 is the void volume. The plot shows that in the temperature range examined, the 
data is essentially linear. The lowest r2 value was 0.922. Heat of interaction values ranged from -
7.9 to -34.8 kJ/mol (Table 2.5), with the most highly retained probes displaying the largest heats 



























Table 2.6 shows the AS values of the probes at three different temperatures. Coupled with 
increased retention with AB pollen is a significant increase in AS values with increasing polarity. 
The least polar probe, benzene, displays AS factors of 1.06 - 1.15. Propanol displays values of 
2.56 - 4.52. Pyridine, the most polar probe, ranges from 3.27 - 4.52. In analytical liquid 
chromatography, such As values would be unacceptable. However, in physicochemical liquid 
chromatography, ideal peak asymmetry is not a specific requirement, but can be used as 
indication of additional retention mechanisms such as polar interactions [46].   
AS values for the solvent peak on AB pollen are ideal at 1.02 and .99 indicating effective 
column packing. The solvent peak for D pollen had AS values of 1.67 - 1.72. The packing 
procedures were identical, so the less ideal AS values for DRW likely arise from different 
chemistries present in D pollen. This irregular solvent peak is likely due to small differences 
adsorption properties of the exine (sporopollenin), intine (cellulose), and intracellular material 
(oil bodies). With the last two components eliminated with acid-base hydrolysis, only a single 






















As mentioned earlier, these solid-liquid interactions may be useful in predicting the 
compatibility of pollen with different polymers for composites. Further, it may be useful even for 
understanding how polymerization reaction components interact with one another. The data may 
suggest that polymers with alcohol groups or amide groups may have strong surface interactions 
with AB pollen. In our previous work, untreated pollen was incorporated in both polystyrene 
(PS) and polycaprolactone (PCL) to create pollen-polymer composites [15]. SEM micrographs 
revealed large voids and the pollen-polymer interfaces indicating weak surface interactions and 
poor adhesion. First, the D pollen data shows low surface interactions of untreated pollen with all 
probes and thus untreated pollen may be unable to interact with the aromatic and ester groups of 
PS and PCL respectively. However, AB pollen may be a better choice for these polymers 
considering its retention behavior to improve surface interactions and interfacial adhesion. Paired 
with a polymer with more polar functional groups, such as polyvinyl alcohol (hydroxyls) or 
polyvinylpyrrolidone (amides), surface interactions and interfacial adhesion with pollen may be 
increased further. ILC also allows for the probing of high molecular weight analytes, such as 
Probe As 30C  As 40C As 50C 
Cyclohexane 1.02 .99 .99 
Benzene 1.15 1.1 1.06 
Ethyl Acetate 2.34 1.9 1.88 
THF 2.13 1.88 1.84 
Acetone 3.04 2.94 3.31 
Ethanol - 3.2 3.59 
Propanol 2.56 3.08 4.52 
Pyridine 3.27 4.51 4.42 
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oligomers and polymers [47]. This would be another route of predicting polymer interactions and 
may also reveal if size exclusion mechanisms are significant. 
2.5 Conclusions 
Solid-liquid interactions of short ragweed pollen and chemical probes with varying 
functionalities were measured with ILC in order to further understand pollen chemistry and 
physicochemical properties. Retention of probes was measured on as received (D) pollen and 
acid-base hydrolyzed (AB) pollen over a range of temperatures, allowing the heats of interaction 
to be calculated. D pollen displayed unchanging retention, while retention increased on AB 
pollen as probes became increasingly polar, due to interactions with hydroxyl groups on AB 
pollen. Calculated heats of interaction and peak asymmetry increased with increasing probe 
polarity on AB pollen. This data suggests that surface interactions are limited to weak van der 
Waals forces for D pollen, while AB pollen is capable of stronger polar interactions. Considering 
pollen as a filler for polymer composites, this indicates that AB pollen may be a more useful 
filler than D pollen. ILC may be used further to probe the retention of high molecular weight 
probes as well as obtaining solid-liquid adsorption isotherms on pollen surfaces. 
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3 CHAPTER 3 
EXAMINING POLLEN AS A FILLER IN POLYVINYL ACETATE 
MATRICES 
This chapter was published in part in J. Mater. Chem. A, 2014, 2, 17031-17040, and is 
reproduced here with permission. 
3.1 Overview 
Pollen grains have the potential to be effective plant-based biorenewable reinforcing 
fillers for polymers due to their high mechanical strength, chemical stability, and unique micro- 
and nano-structured surfaces. Pollen–polymer composites could form the basis for a new class of 
light-weight, high strength sustainable materials if compatible polymer–filler systems can be 
engineered. The exine shell of pollen, composed of sporopollenin, offers opportunities for 
surface functionalization to provide for compatibility between the pollen and the polymer matrix, 
but this idea has been previously unexplored. We present the first demonstration of surface 
functionalization of sporopollenin to enable incorporation of pollen as a reinforcing filler, using 
ragweed pollen in poly(vinyl acetate) (PVAc). Composites prepared with ‘as received’, untreated 
ragweed pollen displayed interfacial voids, degraded mechanical properties, and a decreased 
glass transition width with increased pollen loading, relative to neat PVAc. Composites prepared 
with pollen treated via an acid–base surface preparation displayed improved interfacial 
morphology and increasing modulus with pollen loading (29% increase). Interfacial adhesion 
was optimal for pollen functionalized with vinyltrimethoxysilane (VTMS), followed by in situ 
free radical polymerization of PVAc. In situ polymerization of functionalized pollen resulted in 
simultaneous stiffening and strengthening of composites (80% increase in tensile strength). Films 
containing treated and functionalized pollen also displayed a wider glass transition regions in the 




Particulate fillers are often incorporated into polymers in order to improve their 
mechanical, thermal, and optical properties, to name a few [1-4]. Many studies have 
demonstrated the successful use of non-biological materials ranging from inorganic particles, 
such as calcium carbonate, to carbon organic materials including carbon blacks and nanotubes as 
reinforcing fillers in fabricating polymer composites [5-8]. Many particulates are denser than the 
polymer, or are derived in a non-sustainable manner, and there is interest in finding lower 
density, sustainably sourced alternatives. In addition, most fillers are spherical or irregular 
spheroids, without significant capability to alter the particle fine surface features or geometry. 
In contrast, pollen has the potential to be an effective biorenewable filler due to its high 
strength, chemical stability, low density and the unique architecture of its outer shell [9-13]. 
Besides being used directly as fillers, biological particulates such as pollen grains, bacteria, and 
viruses have attracted much research interest as templates for fabricating synthetic inorganic 
mimics that preserve their unique surface architectures [9-11, 14-16]. These inorganic mimics 
may also function as fillers that combine biological architecture with synthetic chemistry.  While 
some studies have investigated pollen grains, only one study has reported utilization of pollen as 
a filler [17]. Furthermore, pollens from sources such as ragweed plants are ubiquitous and 
inexpensive natural materials that are based on sustainable, non-food resources. 
Pollen grains are the carrier of the male gametes for plant reproduction. A pollen grain is 
composed of an outer layer (exine) and an inner layer (intine) [18, 19]. The exine is composed of 
sporopollenin, a highly crosslinked organic substance consisting of fatty acids, 
phenylpropanoids, and phenolics [20, 21]. Figure 1.4 displays monomer and macromer 
components that have been confirmed in sporopollenin, such as long aliphatic chains, aromatic 
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cross-linkers (mainly cinnamic acids), ether cross-linkages and ester functions [22]. The exine’s 
chemical composition suggests compatibility with polymers capable of polar interactions. 
Underneath the exine layer, not exposed to the outer surface, lies the intine which is rich in 
cellulose and hemicelluloses. The cellular material carried within the grain is easily extracted 
using well known techniques, leaving behind a hollow, strong shell. 
To date, the one known study that explored pollen grains as reinforcing fillers of 
polymers used solution casting of native, untreated ragweed pollen in polystyrene and 
polycaprolactone [17]. Interfacial voids between the polymer and pollen filler were reported to 
result in only small improvements in strain at break at low pollen loadings. One may expect that 
utilization of more polar polymers, as well as polymerizing monomer in situ in the presence of 
functionalized pollen may enhance interfacial compatibility. This can be rationalized by expected 
increased adhesion due to covalent binding of chains to the pollen surface as well as a decreased 
viscosity of the initial reaction mixture (relative to a solvent-casting solution). 
To explore these ideas, in the present study pollen fillers were incorporated into a more 
polar matrix polymer than those previously explored,  poly(vinyl acetate) (PVAc), by both 
solution casting and in situ free radical polymerization of vinyl acetate monomer (VAM). Short 
ragweed pollen (A. artemisiifolia) was selected as a model pollen grain because of its natural 
abundance, unique ‘spiny’ echinate surface morphology, and previously published adhesion 
data.[23, 24]As received pollen was compared to pollen modified by two treatments:  acid-base 
hydrolysis and functionalization with an organosilane. The effectiveness of pollen as a 
reinforcing and strengthening filler in PVAc was characterized by mechanical properties, 
interfacial morphology, and glass transition temperature of pollen-polymer composites as a 





Defatted Short ragweed (D, A. artemisiifolia, Greer Laboratories) pollen grains were 
stored at 4 °C prior to use. VAM (Sigma Aldrich) was filtered through aluminum silicate to 
remove hydroquinone inhibitor. Azobisisobutyronitrile (AIBN, Sigma Aldrich) was of reagent 
grade and absolute ethanol was used as solvent. Potassium hydroxide (KOH, EMD Millipore) 
and phosphoric acid (H3PO4, BDH chemicals) were used for pollen treatment. 
Vinyltrimethoxysilane (VTMS, Sigma Aldrich) was used to functionalize the pollen surface. For 
solution processing, dichloromethane (DCM, Sigma Aldrich) was used as a solvent for PVAc 
(Sigma Aldrich, Mw = 500,000). 
3.3.2 Solution Processing of Pollen-PVAc Composites 
A measured mass of pollen was dispersed in DCM and sonicated for uniform dispersion. 
The desired mass of polymer was then added step wise to the solvent to make a 15 vol% PVAc 
solution. The mixtures were agitated on a rotational stirrer for 24 h. The solutions were cast on 
glass plates with a doctor blade, and slowly dried under a solvent saturated environment for 24 h. 
The films were dried under vacuum for 24 h at 90 °C.  Samples were slowly cooled down to 
room temperature before peeling the films from the plates using a razor. Average film 
thicknesses were 130 μm ± 20 μm. 
3.3.3 In situ Polymerization of Pollen-PVAc Composites 
AIBN (0.0135 g) was added to VAM (32.66 g) in a round bottom flask. After the AIBN 
dissolved, 15 mL of ethanol were also added to the flask. For composites, a measured mass of 
pollen grains (for composites containing 1-15 vol% of pollen) was dispersed in the ethanol and 
sonicated prior to addition to the flask, to ensure pollen dispersion. The flask was purged with 
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nitrogen and the mixture was stirred at 75 °C for 2.5 h. The resulting solution mixtures were cast 
on glass plates with a doctor blade, and slowly dried under a solvent saturated environment for 
24 h. The films were dried under vacuum for 24 h at 90 °C.  Samples were slowly cooled down 
to room temperature before peeling the films from the plates using a razor. 
3.3.4 Extraction of Pollen Cellular Material 
An acid-base treatment (hereafter labeled as AB) was used to clean and isolate the exine 
shell for incorporation in polymer films as well as to prepare them for further functionalization 
[19, 25]. Briefly, pollen was dispersed in 6w/v% KOH solution for 24 hours while stirring. After 
washing the pollen with hot water, ethanol, and drying the pollen, it was dispersed in 85% H3PO4 
for 7 days. This pollen was dried after washing with hot water, acetone, and ethanol. This 
process caused the pollen grains to lose ~80% of their original weight. AB pollen was 
incorporated in polymer films via the in situ polymerization mentioned above.  Figure 3.1 shows 










Figure 3.1: Native D pollen (left), D Pollen crushed exposing intracellular material 
(middle), and hollow AB pollen (right). 
3.3.5 Silane Functionalization of Pollen Grains 
AB pollen was used as the starting point for functionalization with VTMS (hereafter 
referred to as ABV) to enable grafting of polymer chains to the pollen surface. AB pollen was 
heated under vacuum at 100 °C to remove adsorbed water then dispersed in toluene and 






added to the flask with a syringe through a rubber stopper. This solution was heated overnight 
and pollen was recovered after washing with toluene, hexane, and ethanol. ABV pollen was 
incorporated in polymer films via the in situ polymerization mentioned above. Figure 3.2 shows 
a schematic for the reaction of VTMS with pollen hydroxyl groups and functionalized pollen’s 
copolymerization with vinyl acetate monomer. Average film thicknesses were 160 μm ± 10 μm. 
 
Figure 3.2: Schematic of pollen surface functionalization and copolymerization of 
functionalized pollen with monomer (adapted from [26]). 
3.3.6 Sample Types 
The composite processing methods and pollen treatments explained above were 
combined into four different sample types that were characterized in this study. These samples 
were as follows: solution processed PVAc with native defatted pollen (S-D), polymerized PVAc 
with native defatted pollen (P-D), polymerized PVAc with acid-base pollen (P-AB), and 
polymerized PVAc with silane functionalized AB pollen (P-ABV). 
3.3.7 Characterization 
FTIR spectra were obtained on a Thermo Scientific spectrophotometer from 4000 cm-1 to 400 
cm-1. Pollen received as is, acid treated, and functionalized with VTMS were mixed with KBr 
powders and pressed in pellets for measurement. A high-throughput mechanical characterization 
(HTMECH) apparatus was used to measure mechanical properties including tensile strength, 
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elastic modulus, and toughness, as described previously [27]. Briefly, the polymer films were 
mounted on a steel grid and contacted with a steel pin with a 1.5 mm diameter hemispherical cap 
at a constant strain rate (0.5mm/s). The pin is oriented normal to the film surface, resulting in 
equi-biaxial deformation. For each sample, an average thickness was obtained using 9 
measurements with a micrometer, 9 stress–strain profiles were measured to failure, and 
mechanical properties of the films were obtained. All mechanical tests were performed under 
ambient conditions. Scanning electron microscopy (SEM) was performed with a Zeiss Ultra-60 
FE-SEM instrument to examine the interfacial morphology of both freeze fractured and 
HTMECH fracture surfaces of the composites. Molecular weights of polymerized samples were 
measured by GPC. A Shimadzu liquid chromatograph was used with THF as the eluent. One 
Phenogel 5 mm linear column and one Phenogel 5 mm mixed bed column were calibrated with 
10 PS standards samples from 500 to 1.2x10-6 g mol-1. A Netzsch STA409PG was used for 
simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of 
pollen samples after treatment steps. Approximately 8 mg of pollen (D, AB, ABV, or AB-PVAc) 
were used for each experiment. A heating rate of 10 K/min was used up to 900 °C under a mixed 
gas stream of nitrogen and air. Differential scanning calorimetry (DSC) measurements were 
performed on composite samples with a TA Instruments DSC Q200 in a nitrogen atmosphere, 
using specimens of 8–9mg cut from films and sealed in aluminum pans with lids. Samples were 
heated from 10 to 80 °C, above Tg of the pure PVAc, at 20 °C/min, kept isothermal for 1 min, 
cooled down to 10 °C at 20 °C/min, and held isothermal for 1 min again. This cycle was repeated 
twice. Tg values were taken from the second cycle from the onset value of the tangents on the 
heat flow curves. The width of the glass transition region, ΔTg, was taken as the difference 
between the endpoint and the onset temperatures. The density of materials was assessed by 
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pycnometry in a 25 ml specific gravity bottle. Ethanol was used to determine the density of D 
and AB pollen and water was used to determine the density of neat PVAc and pollen-PVAc 
composites. A known mass of material, ms, was added to the bottle of known mass (m0). The 
liquid of known density was then added to bottle and the total mass, mT, is measured. The density 
of the solid is given by: 




where V is the volume of the flask. 
3.4 Results and Discussion 
3.4.1 FTIR Analysis 
Figure 3.3 shows the FTIR spectra of native pollen and pollen recovered following each 
chemical modification (D, AB, ABV, and AB-PVAc). The cellulose fingerprint in D pollen 
appears in the 1100 to 900 cm-1 region, due to the presence of polysaccharide material in the 
pollen intine [21, 28]. The spectrum for AB pollen shows an important lack of peaks associated 
with polysaccharides in this range, indicating the full or partial dissolution the intine [29, 30]. 
Additionally, D pollen displays a very broad band at 3375 cm-1 due to O-H stretching, having a 
stronger intensity than the –CH stretches of –CH2 groups at 2910 and 2840 cm
-1. In contrast, AB 
pollen displays a more narrow –OH band with a smaller intensity than the –CH2 peaks. AB 
pollen’s OH band is also shifted to higher wavenumbers around 3450 cm-1, indicating increased 
fractions of free hydroxyls. The C=O stretch of carboxyl groups also shifts from 1672 cm-1 to 
1707 cm-1 in D and AB pollen, respectively. The acid-base hydrolysis decreases the ratio of 
hydroxyl to methylene groups, likely due to the dissolution of the strongly H-bonded cellulosic 
intine and results in higher fractions of free hydroxyl (not associated with the cellulose) and 
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carboxyl groups in the sporopollenin, which would be more accessible for surface interactions 
with a composite matrix phase.  
 
Figure 3.3: FTIR spectra of pollen treatment steps. 
Silane functionalized pollen (ABV) spectra displayed a large band at 1125 cm-1 and a 
peak at 791 cm-1, which are assigned to stretching vibration of Si-O-Si bonds [31, 32]. There is 
an additional small peak at 3072 cm-1 assigned to the vinyl acetate groups on the silane [33]. 
These peaks indicate the successful attachment of silane to the pollen surface. Finally, pollen 
recovered from the copolymerization of ABV pollen with monomers displayed a peaks 
characteristic of PVAc at 1250 cm-1 and a shoulder peak at 1735 cm-1 assigned to stretching 
vibrations of C-O and C=O bonds, respectively [34]. These peaks confirm the successful 
functionalization of pollen with VTMS and the grafting of polymer chains to the pollen surface 
(AB-PVAc) following in situ vinyl acetate polymerization. 
3.4.2 Interfacial Morphology 
Figure 3.4 to Figure 3.7 present the SEM images of freeze fractured and HTMECH 
fracture surfaces of pollen-PVAc composites. Figure 3.4 shows the fracture surfaces for S-D 
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films. Freeze fracture samples (Figure 3.4a and Figure 3.4b) reveal the presence of interfacial 
voids between native D pollen and the polymer matrix. These voids appear smaller than the 
voids observed in our previous work utilizing less polar polystyrene and polycaprolactone, but 
are still present [17]. Thin polymer bridges at the pollen-polymer interface (Figure 3.4b) can be 
observed where the matrix has pulled away from the pollen surface. HTMECH fracture surfaces 
(Figure 3.4c and Figure 3.4d) reveal that the pollen lies in void pockets of the polymer matrix 
and the pollen simply introduces voids in the material. 
 
Figure 3.4: S-D fracture surfaces. Freeze fractured cross sections (a and b) and HTMECH 
fracture surfaces (c and d). Arrows indicate polymer bridging. 
Figure 3.5 shows similar results for P-D films. Freeze fracture samples still reveal voids 
surrounding some of the pollen grains (Figure 3.5a). However, some better adhered interfaces are 
present (Figure 3.5b). HTMECH fracture surfaces (Figure 3.5c and Figure 3.5d) still show void 
pockets surrounding pollen grains and significant separation at the interface. The pockets are not 











much lower stresses than solution processed films, so the smaller void pockets may be due to the 

























Figure 3.5: P-D fracture surfaces. Freeze fractured cross sections (a and b). 6a arrows 
indicate voids and 6b arrows indicate better adhered interfaces.  HTMECH fracture 
surfaces (c and d). 
Figure 3.6 shows the fracture surfaces for P-AB films. Freeze fracture samples (Figure 
3.6a and Figure 3.6b) show an optimized interface for P-AB films versus S-D and P-D films, 
with a continuous interface between polymer matrix and pollen grains. No polymer bridging or 
interfacial voids are present surrounding pollen grains. HTMECH fracture surfaces (Figure 3.6c 
and Figure 3.6d) further establish the optimized interface. Void pockets are no longer present 
with AB pollen that were present in films with D pollen. The optimized interface of P-AB films 
is likely due to increased specific interactions between the pollen surface and the polymer 
matrix. The acid-base treatment eliminates intracellular material (Figure 3.1) that may block 








likely increase hydrogen bonding (-OH) or dipole-dipole and van der Waals interactions with 
PVAc’s carbonyls [35, 36]. Additionally, additional hydroxyl groups may be generated on the 
pollen surface due to phosphorylation of hydroxyls and/or carboxyls, [30] thus increasing 
























Figure 3.6: P-AB fracture surfaces. Freeze fractured cross sections (a and b) and 
HTMECH fracture surfaces (c and d). 
Figure 3.7 shows the fracture surfaces for P-ABV films. Freeze fractured samples (Figure 
3.7a and Figure 3.7b) indicate that polymer coats the pollen surface and the pores of the pollen 
surface are less visible than previously observed due to this coating (Figure 3.7b). HTMECH 
fracture surfaces (Figure 3.7b and Figure 3.7d) indicate the presence of deformed polymer that is 
still attached to the pollen after fracture. These images suggest that polymer is strongly attached 






























Figure 3.7: P-ABV fracture surfaces. Freeze fractured cross sections (a and b) and 
HTMECH fracture surfaces (c and d). 
3.4.3 Mechanical Properties 
Figure 3.8 to Figure 3.11 show the mechanical properties obtained for the various pollen-
PVAc composites. Figure 3.8 shows properties for S-D films. Elastic modulus decreased 
continuously with increased pollen loading. Tensile strength and strain at break both increased 
slightly at low pollen loadings and then decreased continuously with increased pollen loading. 
The mechanical properties measured for S-D films are comparable to mechanical properties of 
PVAc and PVAc-zeolite composites previously measured with the HTMECH [37]. The 
properties of PVAc and PVAc-zeolite measured with HTMECH were also found to match 













































Figure 3.8: Elastic modulus (a), UTS (b), and strain at break (c) of S-D composites. The 
error bars are 95% confidence intervals. 
Figure 3.9 shows similar trends in the properties for P-D films. The elastic modulus trend 
is slightly different than that of S-D films, with a possible small increase at low pollen loadings 
and a more gradual decline as pollen content increases further. Again, tensile strength and strain 
at break both increased slightly at low pollen loadings and then decreased continuously with 
increased pollen loading. The larger mechanical property values of S-D films versus polymerized 
films are due to the higher molecular weight of solution cast films (500,000 g/mol). The 
molecular weight of polymerized films was ~78,000 g/mol measured by gel permeation 
chromatography. 
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Figure 3.9: Elastic modulus (a), UTS (b), and strain at break (c) of P-D composites. The 
error bars are 95% confidence intervals. 
Properties for P-AB films are shown in Figure 3.10. In contrast to S-D and P-D films, 
here, the elastic modulus increases with increasing loading. It is well-known that elastic modulus 
is independent of interfacial adhesion when it is measured at low deformations where interfacial 
separation does not occur [3]. As seen in Figure 3.4 and Figure 3.5, films with D pollen that 
display decreasing modulus also contain interfacial voids after preparation. Thus, an increasing 
loading of D pollen increases the amount of interfacial voids, decreasing the stiffness of the 
material [38]. On the other hand, films with AB pollen, which show increasing modulus, lack 
interfacial voids after preparation (Figure 3.6). Thus, incorporation of AB pollen eliminates 
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interfacial voids associated with untreated D pollen, which corresponds with increased material 
stiffness. Additionally, small increases in tensile strength and strain at break at low pollen 
loadings are absent. The continual decrease in these properties, as well as the lack of a 
toughening effect at low pollen loadings, further suggests the absence of interfacial voids. 
However, the decrease in tensile strength and strain at break with pollen loading indicate that the 































Figure 3.10: Elastic modulus (a), UTS (b), and strain at break (c) of P-AB composites. The 
error bars are 95% confidence intervals. 
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Figure 3.11 shows the properties of P-ABV films. Again, elastic modulus increases with 
increased pollen loading, similar to P-AB. In contrast with all other films, the tensile strength and 
strain at break of P-ABV films increase continually with increased pollen loading. This suggests 
that grafted polymer chains that are covalently bonded to the pollen surface are entangled with 
the chains of the polymer matrix. These mechanical observations and the proposed covalent-
derived adhesion are consistent with the SEM evidence of strongly attached residual polymer at 


































Figure 3.11: Elastic modulus (a), UTS (b), and strain at break (c) of P-ABV. The error bars 
are 95% confidence intervals. 
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The stiffening effects observed in P-AB and P-ABV (Figure 3.10a and Figure 3.11a) 
films indicate that the pollen exine shell has a higher inherent modulus than the polymer matrix, 
although independent measurements of exine tensile modulus are not available. Both curves 
appear to approach a plateau at higher pollen loadings. A plateau is sometimes indicative of 
particle-particle interactions and agglomeration, [3] although this was not evident from the SEM 
images. Although the pollen is micron sized, it introduces nanoscale spine features in the 
composite, which may allow particle-particle interactions at distances greater than expected 
based on the nominal particle diameter.  There has been only one other study that reports a pollen 
modulus. This study reports the Eh (the product of a compressive elastic modulus and wall 
thickness) of desiccated ragweed pollen as 1653 N/m via micromanipulation techniques [12]. 
This results in a compressive modulus of 1653 MPa, using an approximate wall thickness of 1 
micron for ragweed pollen. This value was used to compare the experimental modulus data to a 
lower bound model [3, 39-41] for elastic modulus as shown in Figure 3.12. The Reuss lower 
bound assuming iso-stress is given by the inverse rule of mixtures: 
 EC
lower=EfEm/ Ef 1-Vf +EmVf  (3.2) 
where Ec
lower, Ef and Em are the modulus of the composite, the filler, and the neat matrix 
respectively. Vf is the volume fraction of the filler. Figure 3.12 shows that the experimental data 
for both P-AB and P-ABV films fall within the lower bound, when using the compressive pollen 
modulus of 1653 MPa. Although not shown here, the data also fell well into the Voigt upper 
bound, based on the rule of mixtures. Two models, Halpin-Tsai and Counto, which fall above the 
lower bounds, were fit to the experimental data in order to estimate the modulus of pollen. The 
















+ζ   (3.5) 
The Halpin-Tsai model [3, 40-42] predicted a modulus of 67.3 MPa for AB pollen and 62 
MPa for ABV pollen versus the measured 12.8 MPa of the neat polymer. The largest percent 
errors were 8.8% and 17.5% for P-AB and P-ABV respectively. The Counto model, [3, 43, 44] 
shown in Equation 3.6, is a model for two phase particulate composites assuming a perfect 
bonding between filler and matrix and gives predictions in good agreement with a wide range of 
test data. 




As shown in Figure 3.12, the Counto model, which is non-linear, provides a slightly better fit. 
The model predicted a modulus of 68.2 MPa for AB pollen and 69.8 MPa for ABV pollen versus 
the measured 12.8 MPa of the neat polymer. The largest percent errors were 6.3% and 15.4% for 
P-AB and P-ABV respectively. As expected, the predicted moduli of AB and ABV pollen are 
comparable for both models because elastic modulus is independent of interfacial adhesion when 
it is measured at low deformations where interfacial separation does not occur [3]. The data is 
found to still fall above the lower bound when the estimates of pollen modulus from the Halpin-
Tsai and Counto models are used as Ef. Additional models were considered such as the 
Takayanagi I, [45] which can account for decrease in reinforcement efficiency due to filler 
aggregation above percolation. However, in this case, pollen loadings are below percolation if 
they are considered as hard spheres (Vf = .18), so this model is not appropriate. Thus, the 
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modeling shown here may overestimate the modulus of the pollen somewhat but is still useful 





























Figure 3.12: Experimental data versus theories for elastic modulus: a) P-AB and b) P-ABV 
experimental modulus data. 
3.4.4 Thermal Properties 
Figure 3.13 shows both the percent weight loss and heat flow of both D, AB, ABV, and 
AB-PVAc pollen. In Chapter 2, weight loss and heat flow behavior for D and AB pollen were 
discussed. Briefly, weight loss occurred up to ~500 °C for D pollen and ~560 °C for AB pollen. 
Two weight loss events correspond with first the burning off of components intracellular 
material, cellulose, and hemicellulose (200 – 400 ˚C) and the second weight loss event 
corresponds with the decomposition of higher molecular sporopollenin, 400 – 550 ˚C). The 
temperature of the first event shifts from 333 ˚C to 344 ˚C for D and AB pollen respectively due 
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to more thermally resistant crystalline cellulose burning off as opposed to amorphous cellulose 
(dissolved in acid-base treatment). The heat flow plots also reveals that the temperature of the 
second event shifts from 483 ˚C to 503 ˚C for D and AB pollen respectively due to 
decomposition of a more pure sporopollenin. Finally, the residual masses are .48% and .94% D 


















Figure 3.13: Percent weight loss and heat flow for both D, AB, ABV, and AB-PVAc pollen. 
Weight loss occurred for ABV up to ~ 600 °C. Heat flow plots reveal that the 
temperatures of the first and second event shift to their highest temperatures of 371 °C and 527 
°C, respectively. Finally, the residual mass of ABV pollen is 6.2%. This means the grafting ratio 
of VTMS (grafting ratio = residual mass % ABV – residual mass % AB) on the surface is 5.3%. 
These results provide further indication of the successful functionalization of the pollen surface. 










































functional groups and organics on the pollen surface protecting the surface and making it more 
thermally stable. Additionally, the increased residual mass is likely due to the oxidation of Si in 
air, resulting in oxide residue from SiO2 from the silane coating.  
Weight loss for AB-PVAc occurred up to ~ 570 °C. The heat flow plot reveals the 
temperature of the first and second event occurred at 355 °C and 517 °C, respectively. The 
residual mass is 3.8%. This means the grafting ratio of PVAc (grafting ratio = residual mass % 
ABV – residual mass % AB-PVAc) is 2.4%. These results also provide further indication of the 
successful attachment of PVAc to the pollen surface. Both decomposition peaks occur at higher 
temperatures than AB pollen, but lower temperatures than ABV pollen. A PVAc coating 
improves thermal stability versus AB pollen, but is not as thermally stable as ABV pollen 
because of the silane coatings oxidation to SiO2, which is more thermally resistant than PVAc. 
Also, the residual mass is smaller than that of ABV because of the addition of a PVAc coating, 
reducing the contribution of the SiO2 to the residual mass. 
Glass transition behavior was measured for the four different sample types as a function 
of pollen loading (0, 5, and 15 vol%). Little dependence was found of Tg values on pollen 
loading. However, the width of the glass transition region appears to correlate with the observed 
interfacial and mechanical properties. Table 3.1 reports the width of the glass transition region, 
ΔTg, for the four different composites. Both S-D and P-D films display decreasing ΔTg with 
increased pollen loading. The polymer chains at the polymer-pollen interface of these composites 
exhibit faster relaxation dynamics due to increased mobility of chains at the interfacial voids 
observed with SEM. Thus they display a decreasing trend in the width of the glass transition 
region. P-AB and P-ABV films display larger ΔTg in the presence of pollen versus neat polymer. 
Here, the polymer chains at the polymer-pollen interface exhibit slower relaxation dynamics due 
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to decreased mobility of chains at the interface.[46, 47] This corresponds with the optimized 
interface (Figure 3.6 and Figure 3.7) and improved mechanical properties of these composites 
(Figure 3.10 and Figure 3.11). Polymer chains may show improved interactions with the AB 
pollen surface versus the D pollen surface due to increased specific interactions and/or improved 
Van der Waals based compatibility, resulting in a larger width of the glass transition region in 
the presence of pollen filler. A similar result with ABV pollen is likely due to improved 
interactions of grafted polymer chains covalently bonded to the pollen surface that are able to 
entangle with the chains of the polymer matrix. Also, ΔTg for P-AB and P-ABV films initially 
increase at lower loadings and then decrease at higher loadings, but still remain higher than the 
ΔTg of the neat polymer. This may indicate an optimum loading exists where pollen filler has its 
maximum effect on ΔTg. At higher loadings, particle-particle interactions become more likely 
which could decrease pollens overall effect on ΔTg because of a reduction in pollen-PVAc 
interface. This may also play a role in the plateauing behavior observed for P-AB and P-ABV 
modulus. At higher loadings, the contribution of the pollen-PVAc interface to increased modulus 
may be lessened compared to the contribution at lower loadings where particle-particle 
interactions do not reduce the pollen-PVAc interfacial area. 
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3.4.5 Density of Materials 
Using pycnometry, the density of D was measured as 1.305 g/cm3, while the density of 
AB pollen was measured as 1.165 g/cm3. The intracellular material present in D pollen makes it 
denser than the hollow AB pollen as seen in Figure 3.1. The native D pollen is much less dense 
than widely used fillers in industry, such as talc (ρ = 2.75 g/cm3) and calcium carbonate (ρ = 2.71 
g/cm3), and has a density comparable to advanced fillers such as carbon nanotubes (ρ = 1.3-1.4 
g/cm3), cellulose (ρ = 1.5g/cm3) and starch (ρ = 1.5 g/cm3). Interestingly, the hollow shells of AB 
pollen have a density that is lower than all of these fillers. Figure 3.14 shows AB and D pollen 
dispersed in a PVAc-ethanol solution. D pollen settles out of solution in a matter of days. 
However, AB pollen remains well dispersed in solution for several months, further indicating the 
decreased density of AB pollen versus D Pollen. 
 
Figure 3.14: AB pollen dispersed in PVAc solution after several months (left) and D pollen 
settled out of PVAc. 
Pycnometry was also used to determine the densities of the neat PVAc and pollen-PVAc 
composites. Neat PVAc’s density was measured as 1.195 g/cm3, matching its reported value of 
1.19 g/cm3. P-D and P-AB film densities were measured as 1.269 g/cm3 and 1.183 g/cm3, 
respectively. AB pollen decreased the material density by 1.04% at 15 vol% pollen loading 
versus neat PVAc. Thus, unlike many other fillers would, pollen did not significantly impact the 
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low density of the PVAc matrix. Also, interesting future work may involve sealing AB pollen 
and trapping air within the shells, which would allow for larger density reductions. 
3.4.6 Comparison to Previous Study 
An initial study that explored pollen as reinforcing filler of polymers used solution 
casting of native non-deffatted (ND) ragweed pollen in polystyrene (PS) and polycaprolactone 






















































The work presented in this chapter utilized as received defatted pollen grains as opposed 
to non-defatted pollen grains, which still have some pollen coat present. One may expect this 
additional impurity to impact composite properties. The pollen coat may remain on the pollen 
surface decreasing adhesion between the exine surface and the polymer matrix or it may impact 
polymer properties if dispersed throughout the polymer solution. However, as Figure 3.4, Figure 
3.5, Figure 3.15, and Figure 3.16 show, interfacial voids are present in both cases of ND and D 
pollen. 
PS is an aromatic polymer with a Tg of 100 °C, PCL is a biodegradable semi-crystalline 
polymer with a Tg of -60 °C and Tm of 60 °C, and PVAc is a rubbery polymer with a Tg of 30 °C. 
Despite the various differences in polymer type and properties, interfacial voids were present in 
all systems. However, the size of the interfacial voids varied to some degree. The largest voids 
were present in PCL, as shown in Figure 3.16. The pollen surface is known to be composed of 
primarily fatty acids, a smaller fraction of aromatic moieties, and including ester and hydroxyl 
groups. Based on functionalities, it was expected the PCL may display favorable interactions 
with the pollen surface due to the polymers methylene and ester groups. However, the presence 
of these large interfacial voids were attributed to the hindrance of interactions of polymer chains 
with spiked, convex surface features due to the ordered crystalline regions of PCL. PS 
composites displayed smaller interfacial voids and partial wetting of pollen grains (Figure 3.15). 
Based on functionalities, it was not expected that PS (aromatic) would display enhanced 
interactions with pollen relative to PCL. Thus, smaller voids and partial wetting with PS was 
attributed to the amorphous nature of PS, which would facilitate interaction of polymer chains 
with spiked, convex surface features of pollen. The voids in PVAc composites appear even 
smaller, but are still present. PVAc contains ester groups and is amorphous, which play a role in 
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PVAc composites displaying the smallest voids with native pollen grains. Considering these 
results, polymer thermal properties may not play a major role in the wetting of pollen grains. 
Interfacial voids existed for a PCL, PVAc, and PS despite their Tg being well below room 
temperature, near room temperature, and well above room temperature respectively. 
Figure 3.17 and Figure 3.18 display reanalyzed mechanical properties measured with the 
HTMECH of PS and PCL composites respectively. The initial analysis of mechanical properties 
was obtained with an automatic method in the HTMECH software. During the PVAc work it was 
discovered that this method gave erroneous results, especially in elastic modulus and strain at 
break measurements. This was solved by simply using a manual method in the HTMECH 
software, which allowed for selecting the appropriate analysis range of stress strain curves and 
the appropriate region for elastic modulus measurement for each grid test point. This decreased 
error at each data point and resulted in more realistic values. Thus, the original data for PS and 
PCL composites was reanalyzed using this manual method and are presented here. 
The mechanical properties are similar to those measured in the PVAc work when 
incorporating D pollen. In general, PS properties degraded with increased loading of ND pollen 
(Figure 3.17). With the original analysis, small increases in elongation at pollen loadings were 
observed and attributed to a synergistic effect between addition of tough filler and inefficient 
stress transfer. After reanalysis, these small improvements are less apparent and less significant. 
In PCL composites, mechanical properties degraded with increased pollen loading in both 
original and reanalyzed data.  
Both the interfacial morphologies and the reanalyzed mechanical properties of initial 
work with non-defatted pollen in PS and PCL seem to corroborate and support the data and 
conclusions of the PVAc work. Despite differences in pollen type and polymers matrices, similar 
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results were obtained. Interfacial voids were present in using both forms of as received untreated 
pollen grains and mechanical properties were degraded at higher more relevant pollen loadings. 
These results further support the importance of the acid-base hydrolysis treatment of as received 
pollen grains to tune surface interactions, eliminate interfacial voids, and render pollen a 


































Figure 3.17: Elastic modulus (a), UTS (b), and strain at break (c) of pollen grain filled PS 
composites prepared with different solvents (THF and CHCl3) and annealing conditions 
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Figure 3.18: Elastic modulus (a), UTS (b), and strain at break (c) of pollen grain filled PCL 
composites prepared with different solvents (THF and CHCl3) and annealing conditions 
(50 and 80 °C for 24 h, respectively). The error bars are 95% confidence intervals. 
3.5 Conclusions 
In this study, the effect of ragweed pollen loading on the mechanical, interfacial, and 
thermal properties of PVAc composites prepared by a solution processing and free radical 
polymerization casting method was investigated. Native pollen (D) was observed to introduce 
interfacial voids in both solution processed and polymerized composites. These interfacial voids 
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glass transition region. Treatment of pollen via an acid-base hydrolysis method (AB) improved 
the interfacial adhesion relative to D pollen, likely the result of improved interactions between 
AB pollen and the PVAc matrix. Eliminating interfacial voids resulted in stiffening of the 
composite due to the addition of pollen filler, indicating that pollen has a relatively higher elastic 
modulus than the PVAc matrix. However, the degree of adhesion between AB pollen and PVAc 
matrix was still too low to allow for strengthening, indicated by decreasing material strength 
with increased pollen loading. Interfacial adhesion was further improved by functionalizing AB 
pollen with a vinyl silane in order to graft polymer chains on the pollen surface. Tensile strength 
and strain at break of films prepared with P-ABV increased with increased pollen loading, 
indicating a higher degree of adhesion than P-AB. Composites with both AB and ABV pollen 
displayed a wider glass transition region in the presence of pollen filler, compared to D pollen. 
These results indicate that pollen is a promising plant-based filler for reinforcing polymers, but 
that surface functionalization is a likely necessity to achieve significant improvements. Because 
functionalization appears to be an effective strategy, it would also be interesting to investigate 
other polymers that are reactive with hydroxyl groups, e.g., urethanes and epoxies. In addition, 
the unique variety of nano- and micro-structures on pollens (as a function of plant species) 
creates an opportunity to use pollen as a model particulate to elucidate the effect of complex 
filler geometries on the wetting and adhesion of fillers. 
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4 CHAPTER 4 
EXAMINING POLLEN AS A FILLER IN WATERBORNE EPOXY 
MATRICES 
This chapter is in preparation for publication. 
4.1 Overview 
Pollen grains have the potential to be effective plant-based biorenewable fillers in polymer 
matrices due to their high mechanical strength, chemical stability, and unique architectures. For 
this reason, pollen-polymer composites are attractive because they could form the basis for a new 
class of light-weight, high strength sustainable materials. Pollen, being a microparticle that 
possesses a rich variety of surface nanoscale topography and features, also provides a unique 
way to study how filler fine-surface structure affects interphase adhesion and mechanical 
reinforcement. In this work, we present evidence for the effectiveness of pollen as a reinforcing 
filler in waterborne epoxy resin matrices, characterized as a function of pollen loading and 
surface treatment. Composites prepared with as received ragweed pollen (D) displayed decreased 
mechanical properties and increasing glass transition temperatures (Tg) with increasing pollen 
loading. A soft interphase forms around native pollen due to selective binding of amine 
crosslinker to intracellular material. Pollen treated via an acid-base (AB) surface preparation 
becomes a load bearing filler in composites, displaying simultaneous stiffening and 
strengthening, improved interfacial morphology (absence of the soft interphase), and increasing 
Tg with increasing pollen loading. AB pollen interacts more strongly with the epoxy matrix than 
D pollen due to either strong hydrogen bonding or covalent bonds with polar functional groups 
(hydroxyls or carboxyls). This may be due to higher exposure of –OH groups on AB pollen than 
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D pollen or a higher number of –OH groups on AB pollen and elimination of intracellular 
material. 
4.2 Introduction 
Particulate fillers are often incorporated into polymers in order to improve their physical 
and/or chemical properties. Fillers can alter mechanical, thermal, and optical properties, to name 
a few [1-4]. Many studies have demonstrated the successful use of non-biological materials 
ranging from inorganic particles, such as calcium carbonate, to carbon organic materials 
including carbon blacks and nanotubes as reinforcing fillers in fabricating polymer composites 
[5-8]. Many particulates are denser than the polymer, or are derived in a non-sustainable manner, 
and there is interest in finding lower density, sustainably sourced alternatives. In addition, most 
fillers are spherical or irregular spheroids, without significant capability to alter the particle fine 
surface features or geometry. 
In contrast, pollen has the potential to be an effective biorenewable filler due to its high 
strength, chemical stability, low density and the unique architecture of its outer shell [9-13]. 
Besides being used directly as a filler, biological particulates such as pollen grains, bacteria, and 
viruses have attracted much research interest as templates for fabricating synthetic inorganic 
mimics that preserve their unique surface architectures [9-11, 14-16]. These inorganic mimics 
may also function as fillers that combine biological architecture with synthetic chemistry.  While 
some studies have investigated pollen grains, only two studies has reported utilization of pollen 
as a filler [17, 18]. Furthermore, pollens from sources such as the ragweed plants are ubiquitous 
and inexpensive natural materials that are based on sustainable, non-food plant resources.  
Pollen grains are the carrier of the male gametes for plant reproduction. A pollen grain is 
composed of an outer layer (exine) and an inner layer (intine) [19, 20]. The exine is composed of 
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sporopollenin, a highly crosslinked organic substance consisting of fatty acids, 
phenylpropanoids, and phenolics [21, 22]. Figure 1.4 displays monomer and macromer 
components that have been confirmed in sporopollenin, such as long aliphatic chains, aromatic 
cross-linkers (mainly cinnamic acids), ether cross-linkages and ester functions [23]. The exine’s 
chemical composition suggests compatibility with polymers capable of polar interactions. 
Underneath the exine layer, not exposed to the outer surface, lies the intine, which is rich in 
cellulose and hemicelluloses. The cellular material carried within the grain is easily extracted 
using well known techniques, leaving behind a hollow, strong shell. 
Only two studies have explored pollen grains as reinforcing filler in thermoplastics 
polystyrene, polycaprolactone, and polyvinyl acetate [17, 18]. These studies showed that surface 
treatment and surface functionalization of pollen was critical in tuning interfacial adhesion and 
mechanical properties of pollen-polymer composites, in order to make pollen an effective load 
bearing filler. To date, the effectiveness of pollen fillers in thermosetting polymers has remained 
unexplored. Epoxy resins are widely used in adhesives, coatings, composites, electric systems, 
and aerospace applications [24]. Epoxy resins can be crosslinked with curing agents such as 
amines, hydroxyls, and carboxyls in order to form flexible or rigid materials. Due to increased 
legislative restrictions on organic solvent emissions, waterborne epoxy resins are becoming 
increasingly important [25]. Additionally, waterborne and water-soluble matrices should display 
a high level of compatibility with water-dispersible fillers, reducing or eliminating the need for 
chemical functionalization of the filler. In this work, we demonstrate for the first time the 
successful incorporation of pollen in waterborne epoxy matrices. Short ragweed pollen (A. 
artemisiifolia) is selected as a model pollen grain because of its natural abundance, unique 
‘spiny’ echinate surface morphology, and previously-published studies on plastic composites and 
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adhesion data [26, 27]. As received pollen is compared to pollen modified by an acid-base 
hydrolysis. The effectiveness of pollen as a reinforcing and strengthening filler in epoxy is 
characterized by mechanical properties, interfacial morphology, and glass transition temperature 
of pollen-polymer composites as a function of pollen loading and pollen treatment. 
4.3 Experimental 
4.3.1 Materials 
Defatted Short ragweed (D, A. artemisiifolia, Greer Laboratories) pollen grains were 
stored at 4 °C prior to use. Potassium hydroxide (KOH, EMD Millipore) and phosphoric acid 
(H3PO4, BDH chemicals) were used pollen treatment. Epoxy resin (diglycidyl ether of bisphenol-
A (DGEBA), Air Products and Chemicals Inc., Ancarez AR555, 55 wt.% solid epoxy emulsion 
in water stabilized by a nonionic surfactant with D50 = 0.5 mm, epoxy equivalent weight (EEW) 
= 550) was used as received. Amine (polyoxypropylenediamine, Air Products and Chemicals 
Inc., Anquamine 401, 70 wt.% solute content in water solution, amine hydrogen equivalent 
weight (AHEW) = 200) was diluted with approximately equal weight of DI water to reduce the 
viscosity. The final solute content in the amine/water solution was approximately 35 wt%. 
4.3.2 Extraction of Pollen Cellular Material 
An acid-base treatment (hereafter labeled as AB) was used to clean and isolate the exine 
shell for incorporation in polymer films as well as to prepare them for further functionalization 
[20, 28]. Briefly, pollen was dispersed in 6w/v% KOH solution for 24 hours while stirring. After 
washing the pollen with hot water, ethanol, and drying the pollen, it was dispersed in 85% H3PO4 
for 7 days. This pollen was dried after washing with hot water, acetone, and ethanol. This 
process caused the pollen grains too lose ~80% of their original weight. Figure 3.1 shows D 
pollen (both intact and crushed) and AB pollen. 
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4.3.3 Pollen-Epoxy Composite Film Preparation 
Stoichiometric amounts of epoxy and amine were mixed at room temperature with the 
desired amount of D or AB pollen suspended in water in order to form composites of 0-15 wt% 
pollen loading. The mixture was magnetically stirred for 1-5 h depending on pollen 
concentration, with higher concentrations mixed for longer times. The mixtures were then 
precured for 0.5-2 h at room temperature until the viscosity of the mixture was suitable for 
casting. Precuring times were determined by visual inspection and increased with pollen 
concentration because greater amounts of water (introduced with the pollen suspension) were 
present at higher pollen concentration, diluting the reactive epoxy. The mixture was cast on glass 
plates with a doctor blade and allowed to dry in air for a short time until the mixture is not able 
to flow on the substrate. Then, films were then cured for ~22 min at 100 °C. Samples were 
peeled off the substrates using a razor. Neat epoxy was prepared using the same protocol. Both D 
and AB pollen were incorporated into epoxy matrices. Hereafter, the samples are labeled as 
follows: Epoxy with native defatted pollen (E-D) and epoxy with acid-base treated pollen (E-
AB). 
4.3.4 Characterization 
FTIR spectra were obtained on a Thermo Scientific spectrophotometer from 4000 cm-1 to 
400 cm-1. Pollen received as is, acid-base treated, and recovered from epoxy solution were mixed 
with KBr powders and pressed in pellets for measurement. A high-throughput mechanical 
characterization (HTMECH) apparatus was used to measure mechanical properties including 
tensile strength, elastic modulus, and toughness, as described previously [29]. Briefly, the 
polymer films were mounted on a steel grid and contacted with a steel pin with a 1.5 mm 
diameter hemispherical cap at a constant strain rate (0.5mm/s). The pin is oriented normal to the 
87 
 
film surface, resulting in equi-biaxial deformation. For each sample, an average thickness was 
obtained using 9 measurements with a micrometer, 9 stress–strain profiles were measured to 
failure, and mechanical of the films were obtained. Uniaxial tensile testing was also performed 
using an Instron 5566. AFM contact mode and force-modulation scans of composite cross 
sections were made with a Veeco AFM Dimension 3100. The samples were prepared by laser 
cutting films into 100 mm x 80 mm strips, a gage length of 80 mm was utilized, and a strain rate 
of 8 mm/min was used strips in an effort to maintain sample ratios from ASTM D882-10 to 
determine elastic modulus. Sample slippage was mitigated by covering the ends of samples in 
kapton tape grips. A minimum of four samples were tested for each material composition where 
possible, and the average values were reported. All mechanical tests were performed under 
ambient conditions. Scanning electron microscopy (SEM) was performed with a Zeiss Ultra-60 
FE-SEM instrument to examine the interfacial morphology of both freeze fractured and 
HTMECH fracture surfaces of the composites. Differential scanning calorimetry (DSC) 
measurements were performed with a TA Instruments DSC Q200 in a nitrogen atmosphere, 
using specimens of 8–9mg cut from films and sealed in aluminum pans with lids. Samples were 
heated from 10 to 150 °C, above Tg of the neat epoxy, at 20 °C/min, kept isothermal for 1 min, 
cooled down to 10 °C at 20 °C/min, and held isothermal for 1 min again. This cycle was repeated 
twice. Tg values were taken from the second cycle from the onset value of the tangents on the 
heat flow curves. The density of materials was assessed by pycnometry in a 25 ml specific 
gravity bottle. Ethanol was used to determine the density of D pollen, AB pollen, neat epoxy, and 
composites. A known mass of material, ms, was added to the volumetric flask of known mass 
(m0). The liquid of known density was then added to the flask up to the graduation marking and 
the total mass, mT, is measured. The density of the solid is given by: 
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where V is the volume of the flask. 
4.4 Results and Discussion 
4.4.1 FTIR Analysis 
Figure 4.1 shows the FTIR spectra of native pollen, native pollen recovered from epoxy 
solution, acid-base pollen, and acid-base pollen recovered from solution following each chemical 
modification (D, D-Epoxy, AB, AB-Epoxy). The cellulose fingerprint in D pollen appears in the 
1100 to 900 cm-1 region, due to the presence of polysaccharide material in the pollen intine [22, 
30]. The spectrum for AB pollen shows an important lack of peaks associated with 
polysaccharides in this range, indicating the full or partial dissolution the intine [31, 32]. 
Additionally, D pollen displays a very broad band at 3393 cm-1 due to O-H stretching that shows 
a stronger intensity than the –CH stretches of –CH2 groups at 2930 and 2855 cm
-1. In contrast, 
AB pollen displays a more narrow –OH band with a smaller intensity than the –CH2 peaks. AB 
pollen’s OH band is also shifted to higher wavenumbers around 3433 cm-1, indicating increased 
fractions of free hydroxyls. The C=O stretch of carboxyl groups also shifts from 1674 cm-1 to 
1706 cm-1 in D and AB pollen, respectively. Therefore, the acid-base hydrolysis decreases the 
ratio of hydroxyl to methylene groups due to the dissolution of the strongly H-bonded cellulosic 
intine and results in higher fractions of free hydroxyl and carboxyl groups more accessible for 
surface interactions. Additionally, additional hydroxyl groups may be generated on the pollen 




Figure 4.1: FTIR spectra D and AB pollen as well as both recovered from epoxy solution. 
AB-Epoxy displays several additional peaks versus AB pollen, indicating the strong 
interactions between AB pollen and epoxy. Peaks associated with the epoxide group appear at 
3060 cm-1 due to C-H stretching and at 830 cm-1 C-O-C stretching [33]. C-H stretches of 
aromatic groups in the epoxy molecules appear as a shoulder peak at 2925 cm-1 [33-35]. The C-C 
stretching of aromatics also appears at 1511 cm-1 and the C=C stretching of aromatic groups 
appears at 1459 cm-1 [33, 34, 36]. C-O-C stretching of epoxy ether groups appear at 1248 cm-1 
and 1039 cm-1 [33-35]. Many of these peaks are lacking on D-Epoxy and where new peaks are 
visible (1511 cm-1 and 1246 cm-1), they are weak signals. The higher intensity of peaks and 
presence of numerous new peaks on AB-Epoxy versus D-Epoxy may be due to higher fractions 
of free hydroxyl and carboxyl groups more accessible for surface interactions on AB pollen 
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versus D pollen, allowing for a greater degree of hydrogen bonding between epoxy molecules 
and AB pollen. Epoxy is known to crosslink with a hydroxyl and carboxyl functionalities [37-
40], so it is possible that the epoxide molecules react with pollen surface hydroxyls or carboxyls 
and form covalent linkages between the pollen and the epoxy matrix. Figure 4.1 shows that 
between AB and AB-Epoxy the ratio of –OH (~3400 cm-1) groups to -CH2 (2930 cm
-1) is 
unchanged, while ratio of –COOH (1706 cm-1), to both –OH and –CH2, decreases. This may 
indicate the consumption of carboxyl groups due to reaction with epoxides.  
Figure 4.2 shows displays an AB pollen grain and its clean, clear surface. D pollen is 
similar in the clearness of its surface as seen in Figure 2.5. Figure 4.3 displays the recovered D-
Epoxy grains which also correspond with the spectra in Figure 4.1. It is clear that epoxy has been 
thickly coated on the D pollen surface. This also corresponds with the new FTIR peaks for D-
Epoxy versus D pollen. Figure 4.4 displays AB-epoxy which corresponds with the AB-Epoxy 
spectra in Figure 4.1. It is clear that epoxy has been coated on the AB pollen outer and inner 
surfaces. The inner surface of pollen grains is heavily coated with epoxy spheres. The outer 
surface however is not as thickly coated as D pollen. This seems counterintuitive to the stronger 

















































4.4.2 Interfacial Morphology 
Figure 4.5 presents the SEM images of freeze fractured and HTMECH fracture surfaces 
of E-D films. Both freeze fracture (Figure 4.5a and Figure 4.5b) and HTMECH fracture surfaces 
(Figure 4.5f-Figure 4.5h) show intimate contact between the pollen and the epoxy matrix in 
general. However, a visible interphase ~1 μm in thickness can be seen surrounding the D pollen 
cross sections. Where intact D Pollen grains can be found (Figure 4.5c-Figure 4.5e), interfacial 
voids are present. It can also be observed that small amounts of epoxy attach to the surface and 
pores of D pollen, but the surface remains mostly clear (indicated by the visibility of pollen 
pores). With both fracture surfaces the majority of D pollen grains are broken within the exine 
shell structure, indicating some degree of adhesion between the two phases. This thick interphase 
may correspond with the thick coating of epoxy observed on recovered D-Epoxy molecules. The 
coating observed on D-Epoxy (Figure 4.3) appeared smooth just like the thick interphase, as 
opposed to rough spheres displayed in the bulk matrix. 
Figure 4.6 presents the SEM images of freeze fractured and HTMECH fracture surfaces 
of E-AB films. Both freeze fracture (Figure 4.6a-Figure 4.6f) and HTMECH fracture surfaces 
(Figure 4.6g and Figure 4.6h) reveal intimate contact between pollen grains and the epoxy 
matrix. Additionally, E-AB films lack the visible interphases that were present with E-D films. 
Also in contrast to D pollen, where intact AB pollen can be found (Figure 4.6b-Figure 4.6e), its 
surface is clearly coated with layers of epoxy, making the pollen surface and pores no longer 
visible. The interface between the pollen outer surface and the epoxy matrix is virtually 
indistinguishable. Again, the pollen grains that are visible are almost always broken cross 
sections of AB pollen due to some degree of adhesion between the epoxy matrix and AB pollen 




Figure 4.5: E-D fracture surfaces. Freeze fractured cross sections (a-e) and HTMECH 
fracture surfaces (f-h). 
thick, smooth coating of D-Epoxy, AB-epoxy had a thinner, rougher coating with more epoxy 





































Figure 4.6: E-AB fracture surfaces. Freeze fractured cross sections (a-f) and HTMECH 
fracture surfaces (g and h). Arrows indicate epoxy within pollen grains and additional air 
gaps. 
inner surface morphology (inside the pollen grain) reflects that of the bulk matrix of fracture 















4.6f-Figure 4.6h) may have two interesting outcomes. First, this epoxy may be shielded from 
stresses experienced outside the grain during deformation. This is referred to as “occluded 
polymer”. Second, it is evident that the epoxy within the shells displays more air gaps than that 
of the matrix arrows in (Figure 4.6g-Figure 4.6h). Thus, AB pollen introduces a greater amount 
of air into the final material than D pollen or the unfilled epoxy. AB pollen is already more 
lightweight than the epoxy matrix, but the integration of air within the pollen shells will further 
reduce the weight of the final material.Selective binding of epoxy reaction components may 
cause the formation of the thick interphase that occurs with D pollen that is absent with AB 
pollen. It is well known that amines can strongly bind to lipid structures, such as phospholipids, 
and cellulose, which are present in D pollen intracellular material within the D pollen [41-43]. 
This was investigated by mixing both D and AB pollen in dilute amine-water solutions.  
Figure 4.7 shows pure polyoxypropylenediamine-water solutions and the supernatants of 
pollens mixed in polyoxypropylenediamine-water solutions at several time steps. The 
supernatant of amine-water solutions mixed with D pollen display a strong color shift, becoming 
dark yellow even after 15 minutes. In the AB pollen mixtures, where intracellular material is 
absent, no color shift occurs. D pollen mixed with only water (not shown in Figure 4.7) extracted 
some intracellular material, but still remained essentially clear, so extracted intracellular material 
alone does not account for the strong color shift. One explanation is that the intracellular material 
is released from the within the pollen grain and strongly binds with the amine crosslinker. This 
may explain why interphases are formed in E-D films. Intracellular material may diffuse out of 
the D pollen core and bind with amine outside of the shell, preventing the amine from 
crosslinking epoxide molecules and creating a zone which is depleted of amine. Also, if this zone 
is depleted of amine and the epoxide is not fully crosslinked during curing, this zone may be 
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softer than the bulk matrix. This depleted zone that is not fully crosslinked may be evidenced on 
recovered D-Epoxy pollen grains (Figure 4.3), which are coated with a layer of partially cured 
epoxy that is smooth in appearance. In contrast to D pollen, the AB pollen lacks intracellular 
material, therefore no selective binding of amine will occur and epoxy is able to cure full and 
interact with the pollen surface. This is also reflected in the SEM images of recovered AB-Epoxy 
pollen grains (Figure 4.4). The surface of these grains is no longer coated with a thick partially 
cured epoxy (as in the case of D-pollen) because of the absence of selective amine binding with 
intracellular material. Also, the coatings the inner and outer pollen exine surfaces  more clearly 
mirror the morphology of the crosslinked bulk matrix of fractured surfaces (Figure 4.6). In 
addition, AB pollen likely displays increased hydrogen bonding versus D pollen due to the 
exposure and/or increase of hydroxyl groups on the pollen surface after treatment, further 
improving interfacial adhesion. These results also corroborate the FTIR spectra which displayed 
additional and stronger absorbances for epoxy functional groups on AB pollen versus D pollen 








Figure 4.7: Supernatant extracts of D (top) and AB pollen (bottom) mixed with dilute 
amine-water solution. Left to right: initial amine-water solution, followed by the 
supernatant after 15, 30, and 45 minutes, of contact with D or AB pollen. 
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4.4.3 Mechanical Properties 
Figure 4.8 shows the mechanical properties obtained for both E-D and E-AB films with 
HTMECH. The error bars are 95% confidence intervals. Elastic modulus, tensile strength, and 
strain at break all decreased continuously with the increased loading of D pollen. Considering the 
interfacial morphology of E-D films, this may be due to the visible interphase present in these 
films. The interphase may not be fully crosslinked due to depletion of amine, making it softer 
than the bulk matrix. Thus, with increasing pollen loading, the material is increasingly softened 
and efficient stress transfer between the phases is impaired, effectively decreasing material 
stiffness and strength with increased pollen loading. In contrast, elastic modulus, tensile strength, 
and strain at break all simultaneously increase with the increased loading of AB pollen. Versus 
neat epoxy, composites containing AB pollen showed increased modulus (~17% increase), 
tensile strength (86% increase), and strain at break (73% increase). As discussed above, E-AB 
films did not display a visible interphase, attributed to uncured epoxy in D pollen. Thus AB 
pollen likely forms a stronger more interconnected interphase with epoxy than D pollen, which is 
capable of interacting strongly with AB pollen surface (through hydrogen bonding or covalent 
bonding). The mechanical results suggest that there is a high degree of adhesion between the AB 
pollen and the epoxy matrix, resulting in efficient stress transfer between the phases, further 
supporting the presence of strong physical interactions between AB pollen and epoxy. Epoxy 
chains that are strongly interacting with the pollen surface are chemically incorporated into the 
epoxy matrix.  These mechanical observations and the proposed strong physical interactions 
driving adhesion are also consistent with the SEM evidence of strongly attached epoxy to the AB 
pollen surface (Figure 4.6b-Figure 4.6e). In our previous study with polyvinyl acetate, an 
additional surface functionalization with an organosilane coupling agent was required to 
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optimize interfacial adhesion and achieve simultaneous increases in all mechanical properties. 
Strong hydrogen bonding between AB pollen, and possibly the formation of covalent bonds 
between surface –OH groups and the epoxide and the epoxy matrix eliminates the need for an 
additional functionalization step. These results indicate that pollen is more compatible with 































Figure 4.8: Elastic modulus (a), UTS (b), and strain at break (c) of both E-D and E-AB 































































Figure 4.9 shows the elastic modulus obtained for both E-D and E-AB with standard 
tensile testing on an Instron. It is clear that the general trends of elastic modulus match well on 
both instruments (decreasing stiffness with increased D pollen loading and increasing stiffness 
Pollen Loading (wt%)




















Figure 4.9: Elastic modulus of both E-D and E-AB composites measured under uniaxial 
tension. The error bars are 95% confidence intervals. 
with increased AB pollen loading). However, the magnitudes of elastic modulus are very 
different. For example, for neat epoxy, the HTMECH (biaxial) modulus was 15.3 MPa, 
compared to the Instron (uniaxial) modulus of 2499 MPa.  This difference may arise for several 
different reasons. First, the strain rates utilized with the two instruments are slightly different 
(HTMECH: .5 mm/s, Instron: .13 mm/s). However, this likely does not play a role because the 
faster strain rate of the HTMECH would be expected to result in a higher elastic modulus, which 
is the opposite of what is observed. Previously, a correlation between elastic moduli measured 
for highly elastic poly(urethane ureas) on both HTMECH and Instron was demonstrated [44].  A 
strong linear correlation was found between HTMECH and uniaxial results, with a coefficient of 
EHTMECH = 1.35EUNIAXIAL, in agreement with elastic membrane theory. However, tensile (in-
plane) strain dominates in these low-modulus elastomer films in HTMECH biaxial tests resulting 
in elastic modulus magnitudes that are similar to uniaxial tests for which in-plane tension is the 
only stress. However, differences can appear when comparing biaxial to uniaxial measurements 
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for materials with higher modulus, higher thickness, and plastic deformation. In thicker, or 
higher modulus films, bending contributions to the overall stress can be significant and even 
dominant. This is likely the case with the stiffer epoxy materials where biaxial loading from the 
center of the film (as in HTMECH) leads to bending stresses that can become significant in 
addition to tensile (in plane) stresses, decreasing the magnitude of the observed elastic modulus 
on the HTMECH. 
AFM contact mode and force modulation scans of E-D cross sections are shown in Figure 











Figure 4.10: Contact mode topography (left) and force modulation image (right) of E-D 
film. 40 μm scan (top row) and15 μm scan (bottom row). Arrows indicate identical 
interphase area in each mode. 
in attempts to show evidence of a softer interphase versus a harder bulk matrix. The brighter 
regions of the force modulation scans, which occur primarily in the bulk matrix of the film 
indicate that the bulk matrix is indeed harder than the interphase (Figure 4.10 arrows), which 
shows up darker. This however may result from the roughness difference between the interphase 
Contact Mode                      Force Modulation 
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and the bulk. Further work must be done in order to fully accept these preliminary results. 
Perhaps using a harder tip, the roughness difference effect may be diminished. Even when 
pushing the tip directly into the different regions (bulk versus interphase) in order to quantify any 
elastic modulus differences, there was no indication of significant modulus difference between 
the interphase and the bulk matrix. Again, the roughness of the surrounding epoxy matrix 
compared to the interphase, raises difficulties in interpreting the data. 
The stiffening effects observed in E-AB films (Figure 4.8 and Figure 4.9) indicate that 
the pollen exine shell has a higher inherent modulus than the epoxy matrix, although independent 
measurements of exine modulus are not available. There has been only one other study that 
reported the Eh (the product of a compressive elastic modulus and wall thickness) of dessicated 
Pollen Loading (vol%)























Figure 4.11: Experimental data versus theories for elastic modulus E-AB experimental 
modulus data from HTMECH data. 
ragweed pollen as 1653 N/m via micromanipulation techniques [12]. This results in a 
compressive modulus of 1653 MPa, using an approximate wall thickness of 1 micron for 
ragweed pollen. This value was used to compare the experimental HTMECH modulus data with 
a lower bound model [3, 45-47] for elastic modulus as shown in Figure 4.11. The Reuss lower 




lower=EfEm/ Ef 1-Vf +EmVf   (4.2) 
where Ec
lower, Ef and Em are the modulus of the composite, the filler, and the neat matrix 
respectively. Vf is the volume fraction of the filler. Figure 4.11 shows that the experimental data 
above 10% pollen loading falls above the lower bound, when using the pollen modulus of 1653 
MPa. Two models that fall above the lower bound were fit to the experimental data in order to 
estimate the modulus of pollen. The Halpin-Tsai model, the most popular semi-empirical model, 
















The Halpin-Tsai model [3, 46-48] predicted a modulus of 67.8 MPa for AB pollen versus 
the measured 15.3 MPa of the neat epoxy. The largest percent error was 3%. The Hashin-






The model predicted a modulus of 67.7 MPa for AB pollen versus 15.3 MPa of the neat epoxy. 
The largest percent error were 2%. The data remains above the lower bounds (Equation 4.2) 
when the estimates of pollen modulus from the Halpin-Tsai and Hashin-Shtrikman models are 
used as Ef. Experimental Instron modulus data was also compared with a lower bound model as 
shown in Figure 4.12. In addition to the Halpin-Tsai model, the Counto model was used to fit the 


























Figure 4.12: Experimental data versus theories for elastic modulus E-AB experimental 
modulus data with Instron data. 
two phase particulate composites assuming a perfect bonding between filler and matrix and gives 
predictions in good agreement with a wide range of test data. 




As shown in Figure 4.12, the Counto model, which is non-linear, provides a slightly better fit. 
The Halpin-Tsai model predicted a modulus of 8169 MPa and the Counto model predicted a 
modulus of 8005 MPa for AB pollen versus the measured 2499 MPa of the neat epoxy polymer. 
The largest percent errors were 2.7% and 1.8% for the Halpin-Tsai and the Counto model 
respectively. Thus, modeling predicts that pollen is about 4 times harder than the epoxy matrix 
from HTMECH data and 3 times harder than the epoxy matrix from Instron data. 
4.4.4 Thermal Properties 
Glass transition behavior was measured for the two different sample types as a function 
of pollen loading, as seen in Figure 4.13 and Table 4.1. It is clear that in both E-D and E-AB 
films, the Tg increases with increased pollen loading, suggesting restriction of epoxy chains 
surrounding pollen surfaces [53, 54]. This correlates with the observed interfacial and 
mechanical properties observed in the films. Comparing E-D and E-AB films, it is observed that 
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Tg values in E-AB films are higher than Tg values in E-D films at similar pollen loadings. For 
example, at 10 wt% pollen loading, E-D film displays a Tg of 65.4 °C and E-AB displays a Tg of 
69.1 °C. This suggests a higher restriction of epoxy chains in E-AB films. The soft interphase 
that is not fully crosslinked likely causes the depressed Tg value. Due to lack of a soft interphase 
in D pollen composites and stronger interactions with epoxy, AB pollen is able to elevate the Tg 
more significantly. These results correspond well with FTIR peaks of higher intensity on AB 
pollen recovered from epoxy solution than D pollen and improved mechanical properties of E-
AB films. Again, these results indicate that pollens-filled epoxies show improved compatibility 
versus previous thermoplastics [17, 18]. Previously, Tg of polyvinyl acetate was not altered 
significantly with increased pollen loading, even after surface treatment and functionalization. 
However, with epoxy, even prior to any surface treatments D pollen is able to elevate Tg, 
indicating improved matrix compatibility. 
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0 62.13 62.13 
2 62.36 62.71 
5 63.1 65.24 
10 65.36 69.07 
15 67.23 -- 
 
4.4.5 Density of Materials 
Using pycnometry, the density of D pollen was measured to be 1.305 g/cm3, while the 
density of AB pollen was measured to be 1.165 g/cm3. The intracellular material present in D 
pollen makes it denser than the hollow AB pollen, as seen in Figure 3.1. The native D pollen is 
much less dense than widely used mineral fillers, such as talc (ρ = 2.75 g/cm3) and calcium 
carbonate (ρ = 2.71 g/cm3), and has a density comparable to such as carbon nanotubes (ρ = 1.3-
1.4 g/cm3), cellulose (ρ = 1.5 g/cm3) and starch (ρ = 1.5 g/cm3). Interestingly, the hollow shells 
of AB pollen have a density that is lower than all of these fillers.  
Pycnometry was also used to determine the densities of the neat epoxy and pollen-epoxy 
composites. Neat epoxy’s density was measured as 1.214g/cm3, comparable to previously 
measured densities of epoxy [55, 56]. E-D and E-AB film densities were measured as 
1.208g/cm3 and 1.221 g/cm3, respectively. Thus, unlike many other fillers would have done, 
pollen did not significantly increase the density of the epoxy matrix. AB pollen decreased the 
material density by ~.5% at a 10 wt% loading versus neat epoxy. However, E-AB mechanical 
properties appear to still be increasing at 10 wt% pollen loading. Thus, it is likely that further 
decreases in density are possible while still enhancing the mechanical properties of the cured 
epoxy. Also, interesting future work may involve sealing AB pollen and trapping air within the 




In this study, the effect of ragweed pollen loading on the mechanical, interfacial, and 
thermal properties of epoxy composites was investigated. Composites prepared with as received 
ragweed pollen (D) displayed decreased mechanical properties with increasing pollen loading 
due to the presence of a soft interphase. This interphase was formed due to the strong selective 
binding of amine crosslinker to D pollen intracellular material, resulting in an amine depleted 
zone of epoxide that did not fully crosslink. However, D pollen composites still showed 
increased glass transition temperatures (Tg) with increasing pollen loading. Pollen treated via an 
acid-base (AB) surface preparation becomes a load bearing filler in epoxy, displaying 
simultaneous stiffening and strengthening coupled with an improved interfacial morphology and 
increased Tg with increasing pollen loading. AB does not selectively bind amine due to the 
absence of intracellular material, and interacts more strongly with the epoxy matrix than D 
pollen due to epxposed and/or generated polar functional groups (hydroxyls and carboxyls) on 
AB pollen versus D pollen. Pollen displayed higher compatibility with epoxy than the 
thermoplastics previously studied (polystyrene, polycaprolactone, and polyvinyl acetate). This 
was clearly indicated by elimination of an additional functionalization step to optimize adhesion, 
elevated glass transition temperatures, and improved interfacial morphology. Finally, pollen was 
found to have no significant effect on the low epoxy density. These results indicate that pollen is 
a promising filler for creating high strength, light-weight polymer composites and merits further 
study. For example, investigating additional matrices with potential compatibility with pollen or 
incorporating pollen of different species in polymers in order to elucidate the effect of filler 
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5 CHAPTER 5 
EXPLORING THE EFFECTS OF POLLEN SURFACE 
MICROSTRUCTURES ON ADHESION AND COMPOSITE PROPERTIES 
5.1 Overview 
Pollen grains have the potential to be effective plant-based biorenewable reinforcing 
fillers for polymers due to their high mechanical strength, chemical stability, and unique micro- 
and nano-structured surfaces. Pollen–polymer composites could form the basis for a new class of 
light-weight, high strength sustainable materials if compatible polymer–filler systems can be 
engineered. Pollen, being a microparticle that possesses a rich variety of surface nanoscale 
topography and features, also provides a unique way to study how filler fine-surface structure 
affects wetting, interphase adhesion, and mechanical reinforcement. In this work, the effect of 
the size of surface microstructures on wetting, interphase adhesion, and mechanical properties of 
pollen-polymer composites is explored. First, interfacial morphology and mechanical properties 
of polyvinyl acetate (PVAc) composites highly loaded with silane functionalized ragweed pollen 
and silane functionalized silica particles are compared in order to examine the effect of the 
presence of surface structural features. Silane-treated pollen-PVAc composites had higher tensile 
strength and strain at break than silanated silica particles. SEM images revealed voids at the 
silica-PVAc interface that were not observed with pollen grains. Thus, pollen shape (nanopores) 
and roughness may enhance wetting and adhesion at the interface when compared to a smooth 
spherical particle. Finally, the species of pollen incorporated in PVAc matrices was varied in 
order determine the effect of the size of surface nano- and micro- structures on wetting, 
adhesion, and composite properties. Pollen with smaller surface structures were wetted more 
effectively by PVAc than pollen with larger structures. However, mechanical properties were not 
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significantly different between composites with the different species of pollen. The results of this 
work highlight the potential of utilizing pollen as a probe to study how fine surface structures on 
particles can affect wetting and adhesion of polymers. 
5.2 Introduction 
Particulate fillers are often incorporated into polymers in order to improve their physical 
and/or chemical properties. Fillers can alter mechanical, thermal, and optical properties, to name 
a few [1-4]. Many studies have demonstrated the successful use of non-biological materials 
ranging from inorganic particles, such as calcium carbonate, to carbon organic materials 
including carbon blacks and nanotubes as reinforcing fillers in fabricating polymer composites 
[5-8]. Many particulates are denser than the polymer, or are derived in a non-sustainable manner, 
and there is interest in finding lower density, sustainably sourced alternatives. Most fillers are 
spherical or irregular spheroids, without significant capability to alter the particle fine surface 
features or geometry. 
In contrast, pollen has the potential to be an effective biorenewable filler with a variety of 
unique architectures of its outer shell [9-13]. Besides being used directly as a filler, biological 
particulates such as pollen grains, bacteria, and viruses have attracted much research interest as 
templates for fabricating synthetic inorganic mimics that preserve their unique surface 
architectures [9-11, 14-16]. In these studies, particles such as pollen grains can be coated through 
various methods (i.e. sol-gel processes) and then burned off in order to obtain micro- or 
nanoparticles with unique morphologies otherwise unachievable. These inorganic mimics may 
also function as fillers that combine biological architecture with synthetic chemistry.  While 
some studies have investigated pollen grains, only two studies have reported utilization of pollen 
as a filler [17, 18].  
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Pollen grains are the carrier of the male gametes for plant reproduction. A pollen grain is 
composed of an outer layer (exine) and an inner layer (intine) [19, 20]. The exine is composed of 
sporopollenin, a highly crosslinked organic substance consisting of fatty acids, 
phenylpropanoids, and phenolics [21, 22]. Monomer and macromer components that have been 
confirmed in sporopollenin, include long aliphatic chains, aromatic cross-linkers (mainly 
cinnamic acids), ether cross-linkages and ester functions [23]. The exine’s chemical composition 
suggests compatibility with polymers capable of polar interactions. Underneath the exine layer, 
not exposed to the outer surface, lies the intine, which is rich in cellulose and hemicelluloses. 
The cellular material carried within the grain is easily extracted using well known techniques, 
leaving behind a hollow, strong shell. 
Thus, pollen being a microparticle that possesses a rich variety of surface nanoscale 
topography and features, provides a unique way to study how filler fine-surface structure affects 
wetting, interphase adhesion, and mechanical reinforcement. In this work, the effect of the size 
of surface microstructures on wetting, interphase, adhesion, and mechanical properties was 
explored. First, interfacial morphology and mechanical properties of poly(vinyl acetate) (PVAc) 
composites highly loaded with silane functionalized short ragweed pollen (A. artemisiifolia) and 
silane functionalized silica particles were compared in order to examine the effects ‘rough’ 
particle versus a completely smooth spherical particle. Finally, several species of pollen were 
incorporated in PVAc  in order determine the effect of the size of surface nano- and micro- 
structures on wetting, adhesion, and composite properties. Short ragweed pollen, Kentucky 
Blue/June (Poa pratensis), and Dog Fennel (Eupatorium capillifolium), were incorporated in 
PVAc matrices. The results of this work highlight the potential of utilizing pollen as a probe to 





Defatted types of Short ragweed (A. artemisiifolia), Kentucky Blue/June (Poa pratensis), 
and Dog Fennel (Eupatorium capillifolium) were purchased from Greer Laboratories and stored 
at 4 °C prior to use. Potassium hydroxide (KOH, EMD Millipore) and phosphoric acid (H3PO4, 
BDH chemicals) were used for pollen treatment. 20 micron (average particle size) silica gel 
(VWR) was also incorporated in PVAc. VAM (Sigma Aldrich) was filtered through aluminum 
silicate to remove hydroquinone inhibitor. Azobisisobutyronitrile (AIBN, Sigma Aldrich) was of 
reagent grade and absolute ethanol was used as solvent. Vinyltrimethoxysilane (VTMS, Sigma 
Aldrich) was used to functionalize pollen and silica surfaces. 
5.3.2 Extraction of Pollen Cellular Material 
An acid-base treatment (hereafter labeled as AB) was used to clean and isolate the exine 
shell for incorporation in polymer films as well as to prepare them for further functionalization 
[20, 24]. Briefly, pollen was dispersed in 6w/v% KOH solution for 24 hours while stirring. After 
washing the pollen with hot water, ethanol, and drying the pollen, it was dispersed in 85% H3PO4 
for 7 days. This pollen was dried after washing with hot water, acetone, and ethanol. This 
process caused the pollen grains to lose ~80% of their original weight. This treatment was used 
for all three pollen types and these are labelled ABR (ragweed), ABK (Kentucky), and ABD 
(dog fennel). AB pollens were incorporated in polymer films via the in situ polymerization. 
5.3.3 Silane Functionalization of Particles 
AB pollen was used as the starting point for functionalization with VTMS (hereafter 
referred to as ABV) to enable grafting of polymer chains to the pollen surface. AB pollen was 
heated under vacuum at 100 °C to remove adsorbed water then dispersed in toluene and 
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sonicated. This solution was purged under nitrogen for 30 minutes while stirring. VTMS was 
added to the flask with a syringe through a rubber stopper. This solution was heated overnight 
and pollen was recovered after washing with toluene, hexane, and ethanol. Silica was 
functionalized with the same procedure. ABV pollen and silica was incorporated in polymer 
films via the in situ polymerization. 
5.3.4 In situ Polymerization of PVAc Composites 
AIBN (0.0135 g) was added to VAM (32.66 g) in a round bottom flask. After the AIBN 
dissolved, 15 mL of ethanol were also added to the flask. For composites, a measured mass of 
pollen grains or silica particles (for composites containing 1-15 vol%) was dispersed in the 
ethanol and sonicated prior to addition to the flask, to ensure pollen dispersion. The flask was 
purged with nitrogen and the mixture was stirred at 75 °C for 2.5 h. The resulting solution 
mixtures were cast on glass plates with a doctor blade, and slowly dried under a solvent saturated 
environment for 24 h. The films were dried under vacuum for 24 h at 90 °C.  Samples were 
slowly cooled down to room temperature before peeling the films from the plates using a razor. 
5.3.5 Characterization 
FTIR spectra were obtained on a Thermo Scientific spectrophotometer from 4000 cm-1 to 
400 cm-1. A high-throughput mechanical characterization (HTMECH) apparatus was used to 
measure mechanical properties including tensile strength, elastic modulus, and toughness, as 
described previously [25]. Briefly, the polymer films were mounted on a steel grid and contacted 
with a steel pin with a 1.5 mm diameter hemispherical cap at a constant strain rate (0.5mm/s). 
The pin is oriented normal to the film surface, resulting in equi-biaxial deformation. For each 
sample, an average thickness was obtained using 9 measurements with a micrometer, 9 stress–
strain profiles were measured to failure, and mechanical properties of the films were obtained. 
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All mechanical tests were performed under ambient conditions. Scanning electron microscopy 
(SEM) was performed with a Zeiss Ultra-60 FE-SEM instrument to examine the interfacial 
morphology of both freeze fractured and HTMECH fracture surfaces of the composites. 
5.4 Results and Discussion 
5.4.1 Pollen versus Smooth Silica Particles 
In chapter 3, Figure 3.7 displayed the freeze fracture and HTMECH fracture surfaces of 
ABV pollen in polymerized PVAc. ABV pollen displayed optimal interfacial adhesion in that 
study, relative to other functionalizations, due to the grafting of polymer chains on the pollen 
surface which are able to entangle with the chains of the polymer matrix, resulting in adhesion 
between the phases. Here, silica particles were also functionalized with VTMS, in order to 
minimize differences in adhesion arising from differences in surface chemistry so that the 
smooth spherical silica particle can be compared to the more complex spiny pollen grain as a 
filler. Figure 5.1 displays silica particles utilized and the freeze fracture and HTMECH fracture 
surfaces of functionalized silica in polymerized PVAc. Freeze fracture surfaces display good 
adherence of the PVAc matrix to silica surfaces. Arrows in Figure 5.1c show areas where PVAc 
remained strongly attached to the otherwise exposed surface of silica particles. HTMECH 
fracture surfaces (Figure 5.1b to Figure 5.1d) reveal small amounts of residual polymer attached 
to the silica surface after fracture, but also that the PVAc often separates from the silica surface 
after testing (indicated by arrows). This interfacial separation was not observed in HTMECH 























Figure 5.1: Functionalized silica (a) incorporated in PVAc fracture surfaces. Freeze 
fractured cross sections (b and c) and HTMECH fracture surfaces (d and f). 
apertures, and hollowness may also play a role in enhanced adhesion and lack of interfacial 
separation. Polymer chains are grafted on both the inside and outside of pollen grain due to their 
hollow shape. Chains of the bulk matrix may also be able to interlock with the surface of the 
pollen surface. This additional mechanical interlocking of polymer chains with the pollen surface 
may diminish interfacial separation versus a non-hollow silica particle. 



























Figure 5.2: Elastic modulus (a), UTS (b), and strain at break (c) of neat PVAc and highly 
loaded PVAc composites with ABV and silca, measured with HTMECH. The error bars 
are 95% confidence intervals. 
pollen and silica versus neat polymer. Silica appears to follow the same trends as PVAc-ABV 
composites. At the highest loading, functionalized silica increased elastic modulus, UTS, and 
strain at break. This is attributed to the addition of stiffer silica particles in the matrix as well as 
interfacial adhesion due to the grafting of polymer chains on the silica surface. Comparing, high 
loadings of ABV and silica, silica imparts higher stiffness to the PVAc matrix. ABV pollen is 
estimated to be stiffer than various polymers (Chapter 3 and 4), however it is not as stiff as silica 






















































































4, a previous study estimated ragweed’s compressive modulus to be about 1653 MPa [12]. A 
similar micromanipulation study of silica particles estimated a compressive modulus of 30.8 GPa 
[26]. It is clear however that at similar loadings, ABV pollen imparts higher tensile strength and 
strain at break on PVAc than silica particles. Degree of adhesion is vital for effective stress 
transfer from the matrix to filler particle surface, resulting in reinforcement. Thus, the larger 
magnitude of tensile strength in ABV composites versus silica composites may indicate a higher 
degree of adhesion between PVAc and ABV pollen than with silica. This is consistent with the 
observed lack of interfacial separation evidenced in SEM images with ABV versus silica fillers 
(Figure 5.1). Again, pollen shape may also play a role in in the lack of separation due to 
additional interlocking of polymer with the pollen surface. Finally, pollen grains may be more 
flexible than silica particles as indicated by modulus measurements from previous 
micromanipulation studies [12, 26]. Ragweed was determined to behave purely elastically in the 
deformation range studied (up to 17% deformation and with average fracture forces of 1.2 mN). 
In the silica study, microspheres transitioned from elastic to elastic-plastic at deformations of 
8.5% and fracture forces of ~.3mN. Thus pollen’s enhanced flexibility versus silica may lead to 
improvements in the strain at break of the PVAc matrix with pollen filler. 
5.4.2 Effect of Surface Feature Sizes 
Figure 5.3 displays the three different pollen species chosen for investigating the effects 
of the size of pollen surface features on wetting and adhesion of the polymer matrix. The various 
characteristics of the pollen grains are summarized in Table 5.1. ABK is the “smoothest” grain 










Figure 5.3: ABK (a), ABR (b), and ABD (c) pollen grains. 
 
Table 5.1: Characteristics of chosen pollen grains for microstructure investigations.  
Species Shape Diameter 
Diamter 




































Also, ABK possesses only one aperture (large opening shown in Figure 5.3a) and has no pores 
visible with SEM. The exine shell in ABK is much thinner than that of the other species chosen. 
Compared to ABK, ABR possesses larger spine features, 3 apertures, and nano sized pores on 
the surface. Finally, ABD possesses spines that are similar in size to ABR spines, but larger 
relative to the diameter of the ABD pollen. ABD also possesses 3 apertures, which are more 
opened than ABR pollen’s apertures, and nano sized pores that are larger than ABR pollen’s 
pores.  
 In Chapter 3 it was shown that in the absence of the acid-base hydrolysis treatment there 
was little to no adhesion between ragweed pollen grains and the PVAc matrix, resulting in 
interfacial voids (Figure 3.4). As received, untreated defatted blue june pollen was incorporated 







for pollens other than ragweed. Figure 5.4 shows both freeze fractured and HTMECH fracture 
surfaces of these composites, where arrows indicate interfacial voids are clearly present. Thus, in 
order to probe wetting and adhesion of varied microstructures, it is ideal to treat all of the pollen 
surfaces to promote uniform adhesion. The chosen pollen species were all subjected to the acid-
base hydrolysis before incorporation in polymerized PVAc. Figure 5.5 shows the similar FTIR 
spectra of ABR, ABK, and ABD pollens. Characteristic peaks such as the –OH stretch (~3400 
cm-1), –CH stretches of –CH2 groups (2940 and 2855 cm
-1), and C=O stretch of carboxyl groups 
(~1706 cm-1) peaks occur at generally the same wavenumbers. However, compared to both ABR 
and ABD pollens, ABK pollen appears to have a higher ratio of CH2 groups to both hydroxyl and 
carboxyl groups, indicated by peak intensities. Thus, with the similarities in sporopollenin 
chemistry across species, it is plausible rule-out chemical differences as a cause for any 

































Figure 5.4: As received, defatted blue june pollen in PVAc. Freeze fractured cross sections 













Figure 5.5: FTIR spectra of three pollen species after acid-base treatment. 
 
 Figure 5.6 shows freeze fractured surfaces of ABK pollen incorporated in PVAc. Again, 
as observed in the work from Chapters 2 and 3, acid-base hydrolysis of pollen eliminated 







resulting in specific interactions and enhanced adhesion. Figure 5.6a shows a large number of 
broken cross sections of ABK pollen grains. This may indicate strong adhesion between the 
matrix and the ABK surface, which lead to cohesive failure in the exine shell. However, as 
mentioned previously the exine shell of ABK is thinner than the other species probed. Where 
ABK pollen is easily found in the images, one can observe areas where PVAc covered and 





























opposed to work with ABR in Chapter 3 (Figure 3.6), and even silica surfaces (Figure 5.1), the 
surface of ABK is rarely ever completely exposed and always retains some adherent PVAc. 
Figure 5.6e shows the imprint where an ABK pollen grain was originally present and Figure 5.6f 
shows a commonly found, deeply imbedded ABK grain in the matrix with the same webbing 
pattern shown in Figure 5.6e. This pattern is caused by the polymer matrix intimately filling the 
spaces between the ABK nano features. Figure 5.7 shows the HTMECH fracture surfaces of 














Figure 5.7: HTMECH fracture surfaces of ABK pollen in PVAc. 
Figure 5.7b show the large amount of broken cross sections of ABK after fracture, which is 
observed much less with ABR pollen. The HTMECH fracture surfaces also further reveal the 
increased coverage of polymer and strongly attached residual polymer on ABK surfaces after 









matrices than pollen with larger structures, thus we may infer that wetting of ABK pollen is 
improved versus ABR pollen. Sporopollenin is believed to be a hydrophilic particle, due to the 
presence of polar functional groups, such as hydroxyls and carboxyls. PVAc is also hydrophilic 
due to its polar functionalities [27, 28]. It has been observed that microscopically rough or spiked 
surfaces can improve wettability of hydrophilic surfaces [29-33]. Thus, wetting of polymer 
surrounding pollen grains is likely to be affected by pollen surface roughness and surface 
features. Some studies have shown that patterned surfaces with higher spacing to diameter ratios 
and lower aspect ratios tend to be more fully wetted [34, 35]. Considering Table 5.1, ABK pollen 
has an aspect ratio of ~.6-1.7 and a spacing to diameter ratio of ~1.08-3. ABR has an aspect ratio 
of ~.88-1.1 and a space to diameter ratio of 1.2-2. Due to the range of these values it is 
challenging to draw a conclusion about how aspect ratio and space to diameter ratio may affect 
wetting. However, at a certain point below the spine tips the diameter of the spines becomes 
larger very rapidly. The spines of ABR are actually higher aspect ratio if the very wide bases are 
not considered (>2.5). Thus, the larger spines on ABR may actually have the effect of a high 
aspect ratio surface feature which may inhibit wetting of the polymer matrix more so than 
surface features on ABK.   
 Figure 5.8 shows freeze fractured surfaces of ABD pollen incorporated in PVAc. As 
shown in Table 5.1, ABD is very similar to ABR, except for a slightly smaller diameter, slightly 
larger pores, and more open apertures. Figure 5.8b and Figure 5.8c, show that although 
interfacial adhesion is optimized, where intact grains are visible, the surface of ABD pollen is 
often exposed and free of polymer coating, similar to ABR pollen (Figure 3.6). Broken pollen 
cross sections are also apparent, though not as frequent as ABK pollen. Figure 5.9 shows the 
HTMECH fracture surfaces of PVAc with ABD pollen, which lead to similar observations as the 
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freeze fractured surfaces. These images are also very similar to the freeze fractured surfaces of 
ABR pollen composites. This may indicate that the dominate shape characteristics that affect 
wetting and adhesion at the pollen polymer interface, are the size and spacing of spines. 
Characteristics related to pores, apertures, and grain diameter are less significant.  
In summary, the interfacial morphology of composites with ABR and ABD are very 
similar, and this is believed to be due to the similarities of the chemistry of the sporopollenin and 
the spine shape and sizes. The high aspect ratio of the spine tips may diminish the degree of 
wetting and adhesion at the interface, resulting in exposed surfaces of the pollen grain observed 
after freeze fracturing or HTMECH testing. On the other hand, ABK possesses low aspect ratio 
bumps on its surface, which may lead to enhanced wetting and adhesion indicated by the absence 


































Figure 5.9: HTMECH fracture surfaces of ABD pollen in PVAc. 
 The polymer matrix heavily coats ABK pollen grains, making them hard to visibly locate in 
SEM imaging and intimately fills the groves between the surface bumps (indicated by webbing 
patterns in Figure 5.6f. Also, there is a much higher amount of broken ABK cross sections on 
fracture surfaces, than ABR and ABD composites which may be attributed to enhanced adhesion 
with ABK grains or its thinner exine. 
Figure 5.10 shows the mechanical properties of composites with varied pollen species. In 
general, the trends are similar to those observed for AB pollen types investigated in Chapter 3. 






































Figure 5.10: Elastic modulus (a), UTS (b), and strain at break (c) of composites with ABR, 
ABK, and ABD. The error bars are 95% confidence intervals. 
the polymer matrix due to elimination of interfacial voids (versus as received untreated pollen 
grains), but still decrease both tensile strength and strain at break with increased pollen loading. 
All the pollen grains used displayed an apparent plateauing behavior at higher loadings also 
observed in Chapter 3 with ABR pollen, which was ascribed to increased proximity of pollen 


































































reinforcement is most apparent with ABK pollen. This may be due to the thinner exine shell of 
ABK versus ABR and ABD pollen, or to the effect of ABK’s distinct reticulate surface 
microstructure, composed of many tiny grooves, on its effective modulus. Additionally, as seen 
in Table 5.1, ABK pollen is the largest of the three pollen grains. Thus, at similar pollen 
loadings, ABK pollen grains lie in closer proximity to one another. As can be seen in Figure 5.6a 
and Figure 5.7a, ABK pollen grains are in closer proximity to one another in composites than 
ABR and ABD composites, at the highest pollen loadings. Thus, particle-particle interactions 
may play a larger role in the decreased ineffectiveness of stiffening with ABK pollen. There is 
no definitive evidence in the mechanical properties of enhanced adhesion in ABK composites, 
despite its improved interfacial morphology versus ABR and ABD. Tensile strength decreases 
continually in all cases. ABK’s 5% loading seems to have higher tensile strength than the other 
samples, however overlapping error bars indicate these differences may not be significant. At the 
highest loading ABK and ABD composites appear to have lower tensile strengths than ABR 
composites. Again, strain at break decreases continually. ABK pollens seem to degrade strain at 
break less than ABR and ABD at 5% loadings, however, at the highest loadings, all films display 
similar strain at break values. Thus, despite visual evidence of possibly improved adhesion of 
PVAc to ABK versus ABR and ABD, mechanical properties do not convincingly corroborate 
these observations. Hence we conclude that the difference between reticulate and echinate 
morphology does not play a significant role in observed mechanical reinforcement, assuming 
that the chemistry between the three AB-treated pollen species is similar.  
5.5 Conclusions 
In this work, the effect of the size of surface microstructures on wetting, interphase 
adhesion, and mechanical properties is explored. First, interfacial morphology and mechanical 
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properties of PVAc composites highly loaded with silane functionalized ragweed pollen and 
silane functionalized silica particles are compared in order to examine the effects of a ‘rough’ 
particle versus a completely smooth sphere. The rougher echinate pollen imparted higher tensile 
strength and strain at break on PVAc matrices than the smooth silica particles. Separation at the 
silica-PVAc interface, which was not observed for pollen grains, was clearly apparent after 
mechanical tests of silica-filled PVAc. Pollen shape (nanopores and hollowness) and roughness 
may enhance wetting and adhesion at the interface when compared to a smooth spherical 
particle. The species of pollen incorporated in PVAc matrices was varied in order determine the 
effect of the size of surface nano- and micro- structures on wetting, adhesion, and composite 
properties. Pollen with small echinate spines and grooves (ABK) were better adhered to PVAc in 
SEM images, compared to pollen with larger echinate structures. However, mechanical 
properties did not indicate that this apparent enhanced adherence for ABK resulted in more 
effective stress transfer at the interface. 
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6 CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Summary and Conclusions 
This work provides a foundation for exploiting pollen grains as sustainable filler for 
creating high strength, light weight polymer composites. The results demonstrate the successful 
completion of the specific objectives outlined in Chapter 1. The key findings for each objective 
are summarized as follows: 
6.1.1 Characterizing Important Interfacial Properties of Pollen 
The first part of this objective was optimization of an acid-base hydrolysis treatment of as 
received, defatted pollen. We successfully optimized well established acid-base hydrolysis 
extraction procedures in order to obtain largely intact pollen grains, with surfaces free of debris. 
This was demonstrated with three different pollen species (short ragweed, Kentucky blue june, 
and dog fennel). It was found that using low stirring rates combined with highly diluted titrations 
was key for keeping pollen grains intact and free of debris. This optimization had important 
effects on all our results. In Chapter 2, intact and clean pollen grains were found to be important 
for achieving a useful packing of ILC columns, because surface impurities impacted retention 
behavior of chemical probes and fragments lead to further variation in column packing. Also, the 
cleaner, purer surface resulted in smoother chromatograms and enhanced retention due to the 
further isolated sporopollenin shell, compared to as-received pollen. In Chapters 3 to 5 it was 
observed that acid-base treated pollen grains were more easily functionalized than non treated 
grains due to the higher purity of sporopollenin and possibly by the presence of reactive 
functional groups such as hydroxyls. Also, debris likely had a detrimental effect on wetting and 
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adhesion at the interface for pollen-polymer composites. We suggested that uniformity of pollen 
grains is a unique characteristic when compared to more polydisperse conventional fillers, so we 
aimed to obtain pollen grains that were mostly intact and their shapes retained. In fact, as 
mentioned in Appendix A.1, the acid-base hydrolysis treatment actually caused pollen grains to 
be more round and plump than in their original as received state, which may be due to improved 
hydration of the exine shells.  
Next, we aimed to investigate the effects of the acid-base hydrolysis treatment on pollen 
interfacial properties. We successfully showed that the acid-base hydrolysis improved pollen surface 
interactions with both solids and liquids. In Chapter 2, ILC studies showed acid-base pollen exposed 
and/or generated polar functional groups on the pollen surface. This resulted in specific interactions 
with chemical probes and increasing retention with increasing probe basicity. In Chapter 3 and 4 we 
found acid-base pollens displayed improved interfacial morphology versus as-received pollen grains, 
again due to polar functional groups leading to increased surface interactions. This was demonstrated 
with various pollen species as well as shown in Chapter 5. 
Finally, we aimed to develop and use inverse liquid chromatography (ILC) to characterize 
pollen chemical and physical interactions of pollen with potential matrix chemistries. We 
successfully demonstrated the first use of ILC in characterizing a biological particle (to our 
knowledge). As-received untreated pollen displayed unchanging retention of chemical probes, 
while retention increased on acid-base pollen as chemical probes became increasingly polar, due 
to interactions with hydroxyl groups on AB pollen. This suggested that surface interactions are 
limited to weak van der Waals forces for D pollen, while AB pollen is capable of stronger polar 
interactions, possibly including hydrogen bonding. The ILC results supported the results in 
Chapters 3, 4, and 5 strongly, which indicated that acid-base pollen was more polar than as 
received pollen due to improved presentation of surface polar groups.  
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6.1.2 Engineering a More Effective Pollen-Polymer Composite 
First, we aimed to explore the effects of the acid-base hydrolysis treatment and organosilane 
functionalization of pollen in polyvinyl acetate (PVAc) matrices. We demonstrated the first 
successful use of pollen as a sustainable, light-weight, and reinforcing filler in PVAc. Acid-base 
pollens eliminated interfacial voids observed with as received pollen, effectively stiffening PVAc 
with increased pollen loading. This is due to exposed polar functional groups and increased 
surface interactions. Composites prepared with acid-base pollen also showed no significant 
change in weight of at the composite loadings explored herein (up to 15 vol. %). Further 
functionalizing the pollen with an organosilane optimizes the interfacial morphology and results 
in simultaneous stiffening and strengthening of PVAc-pollen composites. A pollen modulus was 
able to be estimated from elastic modulus data of composites, and is reported to be ~62-70 MPa. 
Acid-base and functionalized pollen both displayed increased widths of the glass transition 
region, indicating the restriction of polymer chains near these pollen surfaces that suggests strong 
surface attractive interactions.  
 Next, we explored the effects of the acid-base hydrolysis treatment of pollen in waterborne 
epoxy matrices. Again, we demonstrated the first successful use of pollen as a sustainable, light-
weight, and reinforcing filler in an epoxy. As received pollen displayed a thick, soft interphase 
surrounding pollen grains, due to the leeching of intracellular material which strongly bonds with 
amine crosslinker.  As a result of the amine depletion, the epoxide in this region did not fully 
cure, leading to decreased mechanical properties with increased pollen loading. Acid-base pollen 
eliminated the visible interphase and was strongly coated by epoxy. This optimized interphase 
resulted in simultaneous stiffening and strengthening of AB pollen-filled epoxy materials. Unlike 
PVAc, both as received and acid-base pollen elevated glass transition temperature (acid-base to a 
higher degree), indicating epoxy is more compatible with pollen than PVAc and previous 
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polymers studied. A pollen modulus was able to be estimated from elastic modulus data of epoxy 
composites, and is reported to be ~67 MPa from HTMECH data and ~8005-8170 MPa from 
conventional tensile testing. 
 Finally, we aimed to determine the effects of size of pollen microstructures on wetting, 
adhesion, and composite properties. First, functionalized pollen was found to impart higher tensile 
strength and strain at break on PVAc matrices than smooth functionalized silica particles, when 
both particles were treated with the same surface functionalization (vinyltrimethoxysilane). 
Separation occurred at the silica-PVAc interface after mechanical tests, an effect that was not 
observed in pollen-PVAc composites, indicating that pollen shape (nanopores and hollowness) 
and roughness may enhance wetting and adhesion at the interface when compared to smooth 
spherical particles. By varying the species of pollen incorporated in PVAc matrices it was 
observed that pollen with smaller surface structures were wetted more effectively by polymer 
matrices than pollen with larger structures. However, mechanical properties were similar for the 
various pollen species considered, indicating that the enhanced wetting did not translate to 
enhaced adhesion at the interface during mechanical strain. 
6.2 Recommendations and Future Work 
Based on the findings of this work, a number of key scientific questions have been raised. 
The following section seeks to provide possible strategies for approaching these issues in future 
studies. 
Only one study has determined mechanical properties of dessicated pollens [1]. Atomic 
force microscopy (AFM) may also be utilized to further determine mechanical properties of 
pollen grains, utilizing normal AFM cantilevers or cantilevers with glass beads attached [2-5]. 
AFM cantilevers may pierce the sporopollenin shell top layer, while a glass bead cantilever may 
result in more structural compression of the sporopollenin shell. ILC can be used further to 
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continue to develop our understanding of the pollen surface. ILC can also be used for the 
determination of adsorption and desorption isotherms with probes at finite concentrations [6-9]. 
This is useful for determining uptake of chemical probes. In a pulse method, injections of known 
quantities of solute result in a pulse chromatographic peak. Two pulse methods used for isotherm 
determination are peak maximum (PM) and elution by characteristic point (ECP). In frontal 
analysis, solute concentration in the mobile phase is changed to a new constant value, resulting 
in a boundary breakthrough curve. Two frontal methods are frontal analysis (FA) and frontal 
analysis by characteristic point (FACP). PM and FA methods are accurate, but can be time 
consuming, while ECP and FACP derive complete isotherms from only one experiment. In order 
to properly calculate uptake and determine isotherms, it is important to understand and know 
significant parameters such as the mass of solid in the column, concentrations of injections, and 
maximum solute concentration of in the mobile-phase, depending on the method chosen. ILC has 
even been used to estimate fundamental values such as surface energies of different surfaces, 
which could be of great interest with such a complex particle as pollen [10, 11]. ILC was only 
conducted with short ragweed pollen. Investigating as received and treated pollen grains of 
various species in order to probe differences in surface properties between species would be 
interesting since it is known that the chemical composition of sporopollenin can vary between 
species [12]. ILC can be used to probe how these variations may affect surface interactions. 
Additionally, ILC may be used further to probe the retention of high molecular weight probes 
which may be more useful for predicting potentially compatible matrix chemistries. 
Many more polymers could be investigated as potential matrices for pollen-polymer 
composite. Because functionalization appears to be an effective strategy, it would also be 
interesting to investigate other polymers that are reactive with hydroxyl groups, e.g., urethanes 
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and epoxies. Also, we could return to our initial work with PS and PCL in order to determine if 
acid-base hydrolysis of pollen would yield similar results as reported in this thesis, where acid-
base pollens displayed enhanced wetting and adhesion and also resulted in reinforcement due to 
the elimination of interfacial voids. Further, pollen grains could be functionalized with 
appropriate functional groups for compatibility with less polar thermoplastics, such as PS and 
PCL, in order to further tune interfacial and mechanical properties. In relation to PCL previously 
studied, acid-base pollen may actually be a good filler for grafting PCL chains on the pollen 
surfaces via -OH groups to initiate ring opening polymerization of PCL [13-15], thereby 
fabricating a biodegradable polymer with natural pollen filler. Continuing along these lines, 
focusing on “green” composites is of interest. Pollen filler could be incorporated in recyclable 
polymers, such as polyolefins, reducing the use of non-biodegradable polymer. Entirely “green 
composites” can be fabricated by incorporating pollen filler with additional biodegradable 
polymer matrices such as polyesters, polysaccharides, natural rubbers, and some polyamides, to 
name a few. Polylactic acid is a widely used natural polymer of interest [16-18]. Biodegradable 
polymers often suffer from poor mechanical properties [19-21]. Pollen is a tough natural filler 
that may be incorporated in these polymers to enhance mechanical strength if adhesion is 
optimal. Also, as shown in this work, the pollen shell is stable up to ~450 C. Materials filled with 
natural fillers often suffer from low thermal decomposition over 200 °C, resulting in polymer 
processing temperatures that are kept below approximately 200 °C. Thus, pollen filler may allow 
for higher polymer processing temperatures versus other natural organic fillers. Finally, pollen 
might be able to be recovered when recycling both natural and non-biodegradable polymers. 
Fabricating pollen-polymer composites with industrially relevant processing techniques 
such as extrusion, injection molding, compression molding, may constitute future work as well. 
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More challenges may arise with incorporation and effective dispersion of pollen in polymers 
subjected to such processing due to the high viscosities and temperatures encountered in melt 
processing. Again, pollen may have an advantage over other natural organic fillers due to the 
shell’s thermal resistance (stable to ~450 C) allowing for higher processing temperatures. 
Materials filled with natural fillers often suffer from poor adhesion between the fillers 
(hydrophilic) and the polymer matrix (generally hydrophobic). The hydrophilic and hygroscopic 
characteristics of natural fillers influence both filler dispersion and interfacial adhesion. The 
presence of humidity can lead to the formation of water vapor during processing, which in turn 
can cause interfacial void formation and poor mechanical properties. Thus, research is often 
focused on utilizing chemical modifications and adhesion promoters to improve the interfacial 
adhesion and dispersion of natural organic fillers in polymer matrices. Is acid-base treatment of 
pollen alone still effective in improving wetting, adhesion, and reinforcement of matrices when 
polymers are processed with industrially relevant processing techniques? These are important 
questions that should be answered in relation to pollen as a filler, especially with industrially-
relevant processing techniques. In relation to the effect of the size of microstructures of 
interfacial and composite properties, it would be interesting to continue this work by 
investigating a more complete range of pollen loadings and choosing more model pollen grains 
for incorporation in polymers. One species of interest is olive pollen (Olea europaea) due to its 
reticulum (network-like pattern) surface, which could allow improved mechanical interlocking of 
polymer chains with the pollen surface. Poplar pollen (Populus nigra) is another pollen species 
of interest due to its different degree of surface roughness versus the species studied in this work. 
In this work we optimized previously-established sporopollenin extraction proedures. It 
would be interesting to develop new methods for isolation of pollen exine that may be more 
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simple. The established procedures often have several steps (such as the acid and base steps or 
more) and often employ harsh solvents or even dangerous chemicals such as HF. Even for the 
procedure optimized in this work additional titration and centrifugation steps were added to 
improve the established procedures for larger batches of pollen. One alternative that may be 
interesting for further investigation is ionic liquids for sporopollenin extraction. Ionic liquids are 
solid salts that melt below 100 °C. They are often powerful green solvents solid at room 
temperature and less harmful that traditional solvent. They have been shown to dissolve cellulose 
[22, 23], which is in pollen grains intine layer. Thus it is likely that the solvents also extract 
intracellular material. It may be possible to use ionic liquids to extract exines, dissolving 
intracellular material and some cellulosic content. Since ionic liquids are currently expensive, 
this alternative would be a tradeoff between higher cost and potentially simpler procedure that 
has less steps and is safer.  
Finally, the unique characteristics of pollen grains has inspired some interesting ideas. 
This work showed the potential of using pollen to maintain or possibly lightweight polymers. 
Treated pollen grains are hollow particles and coating the pollen surface in order to entrap air in 
pollen grains would further enhance their weight reduction capability. Such a coating procedure 
may involve placing pollen in polymer solution for a short amount of time in order to deposit 
polymer only on the inside and the outside of the pollen grain. Perhaps, even with extended 
exposure to polymer, effective washing of exposed pollen will wash away polymer in the center 
of the pollen leaving only polymer on the inner and outer surface. SEM images of recovered 
acid-base pollens seem to suggest this may be possible. The insides of the pollen grains were 
coated with a thick layer of epoxy, however it was still apparent where pollen pores existed 
although the outer surface was also covered with epoxy. The visibility of pores may reveal that 
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the pollen grains are not coated completely when and air is not entrapped in the pollen core. 
However, with further work, perhaps epoxy or a more optimal polymer may be used to achieve 
this goal. Finally, pyrolysis of pollen is an idea that was explored herein and that has been 
examined by others [24, 25].   Pyrolysis of pollen yields carbon microspheres with unique 
morphologies derived from a sustainable source which may also have increased surface area. 
These carbon microspheres could have several applications. First, we could continue to utilize 
carbon microspheres in composites work. Carbon fillers are often used in polymers such as 
polystyrene. Carbons also have applications in areas such as water treatment, adsorption and 
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APPENDIX A  
A.1 Optimization of Acid-Base Hydrolysis Procedure 
As mentioned in previous chapters, an acid-base treatment (hereafter labeled as AB) was 
used to clean and isolate the exine shell for characterization of pollen surface properties before 
and after the treatment, incorporation in polymer films, and preparation for further 
functionalization. Extraction of sporopollenin shells is well established in literature [1, 2], 
however the procedures had to be optimized for treatment of larger batches of pollen (10 grams 
or more). With treatment of larger batches of pollens, issues with broken pollen grain, pollen 
grains covered with debris, and irregularly shaped pollen became more prevalent. Here, we 
present a more in depth description of the optimization of the procedure and the results obtained. 
Typically, 10 grams of pollen were well dispersed and mixed in 80 mL of DI water in a 
500 mL flask. 6 grams of KOH were dissolved in 20 mL of water and added to the pollen-water 
mixture to make a 6w/v% KOH solution. This was gently stirred for 24 hours at room 
temperature. The mixture was neutralized with HCl and subsequently washed with hot water and 
ethanol in between centrifuging at 2800 rpm (vial caps were punctured in order to avoid vial 
breakage). The pollen was then dried in a convection oven at 60 °C overnight. Figure A.1 and 
Figure A.2 show ragweed and dog fennel pollen, respectively, after the base hydrolysis step. 
Both figures show that base step affects the shape of pollen grains (shrinking or collapsing) and 
causes debris to be deposited on the surfaces. Our base hydrolysis appears to extract pollen 
internal material leaving empty shells, but does not fully dissolve the internal material. Thus 
large amounts of undissolved internal material are present on pollen surfaces after the base step. 
A key variable for obtaining mostly intact pollen grains was using a gentle stir. Initially high stir 
rates above 200 rpm (sometimes reaching ~1100 rpm) with a 40 cm stir bar were utilized for this 
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procedure. This resulted in fragmentation of pollen grains and a large amount of broken shells, as 
shown in Figure A.1. Stir rates were decreased to 155 rpm or lower to optimize the procedure. 
Figure A.2 shows dog fennel pollen after base hydrolysis and with the lower stir rates, resulting 
in nearly all pollen grains remaining intact.  
Base hydrolyzed grains were then re-suspended in water, sonicated to detach as much 
debris as possible, and centrifuged. The grains were added to a 500 mL flask while still 
suspended in a small amount of water. 200 mL of 85% H3PO4 was added to this flask, and was 
refluxed at 50 °C for 7 days again with gentle stirring. The mixture was then centrifuged in 
several vials at 1.5 rpm with punctured vial caps. Due the phosphoric acid’s larger density, the 
pollen grain settled out at the top of the solution. A large 25 mL glass syringe with a long metal 
syringe needle was utilized to collect and discard the phosphoric acid at the bottom of the vial. 
The volume of the remaining pollen-phosporic acid mixture was estimated by comparison to 
known volumes of water, in order to determine how much sodium hydroxide was required to 
neutralize the mixture. The mixture was diluted 4x the estimated volume with DI water and 
sodium hydroxide was dissolved in an equal amount of water. The diluted pollen mixture was 
combined to the sodium hydroxide mixture to create a neutral solution. These optimized 
neutralization steps proved to be key for attaining clean and intact pollen grains. Finally, the 
pollens were washed with hot water, acetone, and ethanol in between centrifuging at 2800 rpm. 
The acid hydrolyzed pollen was dried in a convection oven at 60 °C. The acid-base hydrolysis 
process caused the pollen grains to lose ~80% of their original weight.  
Figure A.3 and Figure A.4 show short ragweed pollen after the acid hydrolysis step. 
Figure A.3 shows that with a high stir rate and non-optimal neutralization ragweed pollen 



























































Figure A.2: Dog Fennel pollen grains after base hydrolysis step. Low stir rate. 
 
low stir rates combined with optimal neutralization procedures results almost entirely intact 
pollen grains with surfaces free of debris. The few examples of broken shells so that the inner 
layer of the exine is clear of debris as well. The acid hydrolysis step also appears to impart pollen 
grains with a more spherical and plump shape. This further apparent with species besides 
ragweed pollen as shown in Figure A.5 to Figure A.8. Figure A.5 shows that nearly all Kentucky 
















































































































































































































grains are mostly intact, have clear surfaces, and are no longer collapsed, displaying much more 
spherical and rounded shapes. Figure A.7 and Figure A.8 show similar results for dog fennel 
pollen. This may occur because natural grain are dehydrated. However, after acid-base 
hydrolyzed grains may have an increased water uptake due to the addition of polar functional 
groups (hydroxyls and carboxyls) allowing the shell to be more hydrated and resulting in swollen 
rounded pollen grains. 
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